University of Wollongong

Research Online
University of Wollongong Thesis Collection
1954-2016

University of Wollongong Thesis Collections

1996

Optical and radio observations of young stellar objects
Stacy L. Mader
University of Wollongong

Follow this and additional works at: https://ro.uow.edu.au/theses
University of Wollongong
Copyright Warning
You may print or download ONE copy of this document for the purpose of your own research or study. The University
does not authorise you to copy, communicate or otherwise make available electronically to any other person any
copyright material contained on this site.
You are reminded of the following: This work is copyright. Apart from any use permitted under the Copyright Act
1968, no part of this work may be reproduced by any process, nor may any other exclusive right be exercised,
without the permission of the author. Copyright owners are entitled to take legal action against persons who infringe
their copyright. A reproduction of material that is protected by copyright may be a copyright infringement. A court
may impose penalties and award damages in relation to offences and infringements relating to copyright material.
Higher penalties may apply, and higher damages may be awarded, for offences and infringements involving the
conversion of material into digital or electronic form.
Unless otherwise indicated, the views expressed in this thesis are those of the author and do not necessarily
represent the views of the University of Wollongong.

Recommended Citation
Mader, Stacy L., Optical and radio observations of young stellar objects, Master of Science (Hons.) thesis,
Department of Physics, University of Wollongong, 1996. https://ro.uow.edu.au/theses/2860

Research Online is the open access institutional repository for the University of Wollongong. For further information
contact the UOW Library: research-pubs@uow.edu.au

OPTICAL AND RADIO OBSERVATIONS OF
YOUNG STELLAR OBJECTS
A thesis submitted for fulfilment o f the requirements for the award o f the degree

MASTER OF SCIENCE (HONOURS)
from

THE UNIVERSITY OF WOLLONGONG

by
UNIVERSITY OP

STACY L. MADER BSc. (Hons)
PHYS999 Major Thesis
August, 1996.

WOLLONGCNQ

LIBRARY

Cover Page
The Orion Nebula (Messier 42; NGC 1976) is a bright emission-line nebula in the centre
of Orion's Sword. It is a complex H II (ionised hydrogen) region that has an associated
molecular cloud (OMC-1). This region is very active in star formation with the presence
of T Tauri stars, masers, the BN object, and Herbig-Haro objects. Toward the south of
M42 in the dark cloud Lynds 1641, there is a high concentration of Herbig-Haro objects
driven by low mass stars which posses a bipolar outflow geometry characteristic of mass
outflow. The most visible outflows are indicated. This image has been obtained from a
ESO IIIa-F (red) plate with the Physics Department's image digitising facility. The image
dimensions is approximately 40 x 40 arcminutes in extent. North is up and East is left.

Acknowledgments
I would like to thank staff and friends in the Physics Department who have given me the
time to lend assistance when required. In particular, I would like to thank Dr Bill Zealey
for the time and effort that he has put into the preparation of this thesis. Thanks also go to
the referees of this thesis who made helpful suggestions and corrections. David Malin
(AAO) helped in the unsharp masking of some images. I would also like to thank Jill
Milroy and the staff of Aboriginal Programmes at the University of Western Australia
where it all began.

Stacy L. Mader
August 1996.

OPTICAL AND RADIO OBSERVATIONS OF
YOUNG STELLAR OBJECTS
ABSTRACT
An exciting area of research in star formation is the study of outflows driven by mass
loss from Young Stellar Objects (YSOs). This mass loss can be as much as 10"^ Mo yr~
1 with wind velocities of the order 300 km s"^. The nature of the wind that drives this
Tnass loss is still uncertain. Evidence that a YSO is undergoing mass loss is provided
through the effect the stellar wind has on the surrounding medium. Phenomena such as
bipolar molecular outflows, masers and the Herbig-Haro (HH) objects are all indicators
of a YSO undergoing mass loss. Visible observations have identified the following
morphological features to be present in most outflows:
•

An embedded YSO which drives the outflow;

•

A collimated jet and counter jet;

•

A section where the jet disappears, but isolated emission knots remain;

•

A working surface (bow shock) with associated HH Object(s).

Imaging at optical wavelengths has shown that the HH objects and HH jets are regions of
shock-excited gas emitting in H a and forbidden excitation lines such as [O I]
(M.6300,6363) and [S II] (XK6116,6731). Therefore the different shock structures of the
HH complex can be distinguished by comparing images at optical emission lines with
differing excitation parameters ie: [S II] (u - 100 km s'l).
Due to heavy extinction from star forming clouds, many YSOs are obscured at optical
wavelengths. Near-infrared images often provide the first identification of the driving
source of the outflow as the optical extinction becomes less important at longer
wavelengths. HH objects/jets are associated with both low-luminosity (Lbol -1-100 Lq )
T Tauri stars and high-luminosity YSOs (Lbol ~ 10^ Lq ) such as IRAS sources. The
visibility of the source depends the amount of obscuration, the orientation of the flow and
circumstellar disk.
, Digitised images from the ESO/SERC southern sky survey plates are presented, and
when combined with [S II], H a and H2 images from the literature, are useful for
identifying features within the outflow complex, and identifying the driving YSO. This
will be beneficial when looking for new HH objects from the ESO/SERC plates in areas
of known star formation.

The nature of the wind which drives the mass loss is believed to be primarily neutral,
cool and have enough momentum to drive the associated molecular flow. The search for
high-velocity 21cm HI emission was undertaken with the 64 metre Parkes radiotelescope.
Observations of HH 46/47, HH 80/81 and HH 119 provided negative results. A
discussion on the success and failures of-such a project are considered.
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1: Objectives of the thesis
Young Stellar Objects (YSOs) undergo various processes before they join the main
sequence in stellar evolution. The contraction of a dense core and build-up of material by
way of accretion leads to the initial formation of the YSO. For a star to form into a sphere
and not a disk, the YSO must find some way to loose angular momentum from the
infalling, spiralling material. A phase of mass loss via a stellar wind is thought to
accomplish this. Indirect evidence that stellar winds occur come in the form of molecular
outflows, masers, optical jets and Herbig-Haro (HH) objects.
The discovery HH objects by Herbig and Haro during 1950-1953 has led to incredible
advances in star formation studies. Multiwavelength observations of HH objects indicates
that they are regions of shock-excited gas caused by the interaction of the stellar wind
interacting with the surrounding medium. HH objects represent optical tracers of a stellar
wind and therefore act as a probe for locating the energy source. The usage of
photographic plate surveys with infrared observations allows us to study the interaction
of the stellar wind with the ISM as well as probe dense cloud material in the search for
outflow sources.
Comparison of mass loss rates derived from radio and CO observations find that stellar
winds do not have enough momentum to drive the associated molecular outflow. This
"momentum deficiency" can be accounted for if the stellar wind is primarily neutral
atomic hydrogen (HI). Support of this hypothesis has come with the detection of high
velocity neutral atomic winds which drive molecular outflows and HH objects. The
separation of weak, high-velocity HI emission against the very much stronger signal of
Galactic HI emission poses serious difficulties in the detection of HI outflows from
YSOs. The aims of this thesis are:
1. To provide a literature review on the field of outflows;
2. To investigate the suitability of the Physics Department’s video digitising system for
digitising images of HH objects from the ESO/SERC IIIa-F (red), Illa-J (blue) and IV-N
(infrared) southern sky surveys. The effectiveness of using these images in (a)
identifying the energy source of outflows and (b) locating new HH objects is assessed to
initiate further research. These images are compared with optical and infrared images
from the literature to aid in these tasks;
3. Search for HI 21cm emission from HH objects and their energy source.
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Chapter 2 provides a review of HH objects, with a description of their emission-line
spectra which indicates a wide range of temperature and density conditions. A basic
premise for the excitation of HH objects is that they represent the cooling regions behind
shock waves. A brief introduction to shock physics is given in context of HH objects.
Chapter 3 explains existing models of HH objects with characteristics both in favour and
against each model presented.
The major component of this thesis is presented in Chapter 4. The digitising of
photographic material from the ESO/SERC IIIa-F, Illa-J and IV-N southern sky survey
plates for morphological and local interstellar medium (ISM) studies of HH objects and
locating their driving sources is examined through comparison with [S II], H a and H2
images from the literature. These digitised images have already been found to be useful
for objective prism spectroscopy, astrometry and photometry. These images are obtained
with video digitising equipment that utilises IBM PC compatibles, commercial video
frame grabbers and image analysis software.
The energy sources of HH objects are discussed in Chapter 5. Low-luminosity (Lbol ~ 1
100 Lq ) and high-luminosity (Lbol ~ 1-10^ Lq ) YSOs are associated with HH objects as
well as molecular outflows. A correlation of mass loss rates from optical HH flows and
molecular outflows with the luminosity of the energy source provides a possible link that
HH objects and molecular outflows could be driven by a common force such as an
atomic hydrogen stellar wind. The dark cloud L1551 is presented as an example that
contains a YSO driving both a molecular outflow and HH objects. Outflows that have
been successfully detected at 21cm are discussed.
Chapter 6 lists selection criteria that will be adopted in the search for atomic neutral
hydrogen outflows. Results from successful published detections are examined to
estimate what we would expect to see in terms of signal strength from the weak, high
velocity HI emission. The results, interpretation and discussion for our search of 21cm
emission are presented in Chapter 7, with conclusions and further directions presented in
Chapter 8.
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2: An Introduction to HH objects
2.1 Introduction
HH objects1 were discovered independendy by Herbig (1950, 1951, 1952) and Haro
(1952, 1953) during objective prism surveys of dark clouds. Herbig and Haro
discovered a group of small objects that emitted characteristic spectra of hydrogen and
strong forbidden low excitation lines of mainly [O I], [N II], [S II] and at most very
weak continua. Due to their location in dark clouds and near YSOs, it was suggested that
these objects were somehow related to the process of star formation. General
characteristics of HH objects are listed in Table 1 (Canto 1984).
Table 1: General Characteristics of HH objects.
Location:
Emission Spectrum:

Dark clouds
Optical: Ha, [S II]
Infrared: [Fe II], H2
UV: CHI]
Radio: 2cm, 6cm, 20cm

Electron Temperature:
Electron Density:

102-104 K
500-2000 cm-3

Radial Velocities:
Energy Sources:

< 400 km s‘l
T Tauri, Herbig Ae/Be,

Luminosity of Source:

IRAS Point Sources
0.1-105 Lg

2.2 S p ectra
a. Optical Spectra
Optical emission-lines that been identified in the emission spectra of HH objects include
H a, Hp, [N I], [O I], [O II], [O III], [S II] and [Ne III]. Faint He II emission may also
be present. The optical spectrum arises in the recombination regions of shock waves
(Schwartz 1975), which is the result of the supersonic interaction of the outflown
stellar/disk material with the circumstellar medium.
The optical spectrum of HH objects implies a wide range of excitation conditions. In the
extremities, we can say that there occur two types of excitation: high and low excitation.
designations o f HH objects in this thesis follows that of the Catalogue of HH objects by Reipurth
(1994).
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Bohm (1983; et al. 1976; et al. 1980) studied several HH objects including HH 2H and
HH 7. The classification of high and low excitation objects comes from the observed
ratios of emission-lines with differing excitation temperature.
HH 2H displays strong [OII] (M.3726,3729) emission due to shock velocities > 80 km
s"l, with less strong [S II] $A 6717,6731) and weak [N I] (kX5198,5200) and [C I]
lines. HH 7 has bright [N I], [CI], [OI] (?i6300) and [S II] lines and very little or no [O
III] $.5007) emission, indicating shock velocities < 60 km s~l. On the basis of their
emission-line spectra, the knot HH 2H is identified as a high excitation object while
HH 7 is identified as a low excitation object.
Shock velocities < 40 km s 'l provide emission radiated at infrared wavelengths from
molecular rotational/vibrational transitions of H2 as well as from atomic and ionic fine
structure (forbidden) transitions such as [Fe II] (1.64 p.m), [O I] (63 |LLm), [C II] (157
(im) and [Si II] (35 pm).
In shock-excited gas, the postshock temperature depends on the square of the velocity of
the shock2 and so HH objects that emit the [O IV] line in their spectra are a higher
excitation object compared to one that emits the [S II] line.
The intensity ratio of two forbidden lines of the same species or different species can be
used to determine values of Ne and Te for HH objects. The intensity ratio is a function of
Te and Ne (Seaton 1954; Bohm 1956, 1975) and every measured line ratio defines a
curve in the (Ne, Te) plane. If the object was completely homogeneous in (Ne, Te) with
the atomic and ionic parameters exactly known, these curves should intersect through a
single point. From the (Ne, Te) diagrams, we can obtain values of Ne and Te to indicate
the physical conditions that are present in HH objects (Bohm 1956; et al. 1973).
Examples of ratios used include [N I][0 II]/[0 I][N II], [S II] $A6717/6731) and [Ca
II]/Ca II.
Figure 1 shows the (Ne, Te) diagrams for HH 2H (Bohm et al. 1976) and HH 7 (Bohm
et al. 1980). The fact that the lines do not intersect at a common point indicates non
uniformity. The crossing region for HH 2H indicates an average of Te = 11,400 K and
Ne ~ 2.5 x 10^ cm"3, and for HH 7, Te ~ 7500 K and Ne ~ 2.5 x 10^ cm_3. Obviously
HH 7 has considerably lower values of Ne and Te indicating its low excitation
classification.

2Refer to Equation 8.
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Figure 1.
(a). (Te, Ne) diagram for HH 2H. The curve ([N I] [0 II])/([0 I] [N II]) corresponds to
the same used in HH 7. From Bôhm et al. (1976). (b). (Te, Ne) diagram for HH 7. The
open square corresponds to the adopted values of Te and Ne. From Bôhm et al. (1980).

6

Figure 2.
Energy level diagram for the ground electronic state of the hydrogen molecule.
Vibrational number (from v = 0 to 14) increases along the x-axis and the rotational
number increases vertically from / = 0 within each vibrational level. The energy level is
in degrees Kelvin (1 K = 1.4 cm“l). The v =1-0 (2.122 |im),v=2-l (2.248 jim), and
v=3-2 (2.201 Jim) are shown. From Burton (1992).
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b. Near-infrared Studies
Near-infrared observations of HH objects are dominated by emission-lines of the infrared
quadrupole lines of H2 (2.12 (am; v = 1-0 S(l)). Figure 2 shows the rotational and
vibrational levels of the ground electronic state of H2 with some of the observed
emission-lines shown. Vibrational and rotational transitions of the H2 molecule can be
excited by shocks via collisional excitation (T « 10^ K), or by absorption of ultraviolet
radiation from the exciting YSO. H2 radiation was first detected by Elias (1980) in a
number of southern HH objects. He came to the conclusion that the molecular gas was
dense (10^ cm‘3) and heated by shock waves.
A number of surveys looking for H2 emission in HH objects have been carried out since
the mid 1970's, including that of Schwartz, Cohen and Williams (1987), who linked H2
infrared emission with many low excitation HH objects. It is clear that molecular
hydrogen contributes to postshock cooling and that models of shocks should include both
atomic and molecular processes. Observations of H2 line profiles studied in high
resolution infrared spectra obtained by Zinnecker et al. (1989) have revealed that the
width of the H2 S(l) line is only half that of the H a line in the same objects and that the
maximum velocities of the H2 lines are also lower. Zinnecker et al. (1989) infer that the
generation of the emission arises either through shock heating of external molecular gas
in the wings of a bow shock, or shock heating of molecular gas entrained at the boundary
of the flow as shown in Figure 3.
An important development for the study of HH objects in the H2 line is the emergence of
infrared array cameras. These enable imaging of the H2 emission distribution in HH
objects at resolutions comparable to the optical images. The overall distribution of H2,
which traces low-velocity shocks around 10-40 km s~l, is the same as the optical
emission, caused by faster shocks, with velocities ~ 100 km s“l (eg [S II]). A review of
these studies is given by Lane (1989) and Zinnecker et al. (1989). Among others, Zealey
et al. (1986, 1989) have showed that a connection between H2 and optically emitting
regions in HH 32 and other sources exists. Other studies have been done by Hartigan et
al. (1989), Garden et al. (1990), Davis et al. (1994) and Gredel and Reipurth (1994).
Emission in the 2-2.5 Jim band appears to extend beyond the optical objects, implying
that the emission is mostly from the surrounding molecular environment and not from the
optical objects themselves. In other cases, the molecular emission appears to envelop the
object.
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Figure 3.
H2 excitation model considered by Zinnecker et al. (1989). A collimated flow or jet
forms a bow shock at its end and external H2 entering the bow shock will usually be
dissociated near its apex and H2 line emission will predominantly arise in the wings of
the bow shock. From Zinnecker et al. (1989).
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Studies of HH 7-11, HH 12 and HH 34 by Stapelfeldt et al. (1991) in the [Fe II] (1.64
(im) emission-line found that the intensity of the [Fe II] line is = 20% that of the [S II]
line and is an excellent tracer of shocked ionised gas Co ~ 50 km s"l) in highly-obscured
regions. The [Fe II] (1.64 |im) and [Fe II] (1.26 pm) measurements allow an accurate
determination of the local extinction of the particular HH object.
c. Far-infrared Studies
Work in the far-infrared includes observations of the [O I] line at 63 pm in HH objects
such as HH 154 and HH 155 by Cohen et al. (1988). This line is the dominant coolant in
shocks where postshock temperatures are between K p-IO ^K as found by Hollenbach
(1985). A potential tool for locating HH objects that are moving through embedded wind
blown cavities is provided by the [O I] (>.6300) line. The line is also included in the 60
pm IRAS band and can dominate the emission in objects such as HH 54 (Zealey et al.
1994b; Gredel 1994).
d. Ultraviolet observations
Atomic emission-lines of C III] (Xk 1907/1909), CIV (>.>.1548/1551), CII] (?t2326) and
Mg II (>.>.2796/2803) are seen in high excitation HH objects, while in low excitation
objects there is no detectable atomic line emission (Bohm et al. 1991) with the UV band
dominated by the Lyman band of H2. This gives us a classification scheme for labelling
high and low excitation objects based on the ions observed in the UV band. A recent
review of UV spectra observed in HH objects is given in Brugel (1989).
e. Radio observations
Radio wavelength detection of HH objects has become a powerful tool in studying the
outflow phenomenon in star formation regions. Radio observations have detected both
compact sources associated with the energy source of the outflow as well as extended
emission arising in the jets and flows themselves. HH 1/2 were the first HH objects to be
detected in radio by Pravdo et al. (1985) and a detailed study of the region was carried
out at the VLA at 20, 6 and 2 cm by Rodríguez et al. (1990). R CrA has also recently
been discovered in the radio continuum (Brown 1987). The near infrared source IRS 7
shows a complex structure comprising two sources positioned either side of the deeply
embedded infrared source and two extended lobes of radio emission.
f. Continua
Little continuum emission is associated with HH objects. The optical-UV continuum
increases towards shorter wavelengths. Very weak blue continuum emission has been
detected in HH objects and Dopita et al. (1982) implies that its origin may come from a
collisionally enhanced two photon decay mechanism in neutral atomic hydrogen. The
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optical-near infrared continuum seems to be a blend of free-free radiation and lines
produced in the same region as the emission-lines, with some reflected light from the
nearby YSO (red continuum; Bohm 1983). The radio continuum emission appears to be
optically thin free-free radiation produced in the same region in which the emission-lines
are formed (Rodríguez and Reipurth 1989).
2.3 Shock Waves and HH objects
The interpretation of the optical spectra from HH objects came with the realisation that the
line spectra could originate from cooling regions behind shock waves (Schwartz 1975;
1978). A brief review of shock waves and their effect on the interstellar medium is given
in the context of HH objects.
Shocks are supersonic disturbances driven by thermal pressure, radiative acceleration or
other mechanical sources. Shocks are believed to play an important role in the dynamical
evolution, emission process and interpretation of HH objects. Shock waves heat,
compress, accelerate and irreversibly change the entropy of the interstellar gas ahead of
them, producing postshock regions (cooling regions) which cool through radiative
emission. Emission-lines may be used to determine density, temperature, abundance and
excitation mechanisms (such as shock-excitation or photoionisation). There exist two
types of shock waves:
• Adiabatic shocks occur when a sudden, discontinuous jump (J-shocks) in density,
flow-velocity and temperature occurs. No energy is lost in the shock front and the gas is
heated to a high temperature subject to the constraints of mass and momentum
conservation. All single fluid shocks contain an adiabatic shock transition.
• Radiative shocks occur when a shock wave has propagated long enough so that
radiative losses have cooled the initially shocked material to a small fraction of its initial
postshock temperature. If the postshock gas can radiate away its energy in a short time
compared to the flow time, the temperature drops and the postshock gas is compressed to
maintain approximately constant total pressure. Figure 4 shows the generalised structure
of a radiative shock with ionisation evolution: here we assume that the gas is optically
thin to its own radiation and that dust and magnetic fields are unimportant. This kind of
shock wave consists of four main regions:

11

U

in

precursor

ion

•

cooling
recombination

I

H

;

III

u

; H recomb.
IV

cold gas
V

m

Figure 4.
Schematic structure of a radiative shock with ionising evolution (not to scale). Region I is
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Region I is a preheated and pre-ionised zone is called the radiative precursor. The
preshock gas is irradiated by photons emitted from the hot, shocked gas on the other side
of the shock. This radiation may heat and ionise the preshock gas. Cox (1972) indicates
that the UV flux generated behind a shock with 1)$ ^110 km s-l is sufficient to preionise
H and He upstream of the shock.
The preshock gas undergoes little deceleration until it reaches Region II, which is the
postshock ionisation zone. Here, the majority of the energy dissipation (and entropy
generation) occurs. As gas flows through the shock transition, it is compressed by a
factor « 4 (see equation 5), and its flow-velocity is also reduce by a factor = 4. The high
gas temperature, together with the fact that the ionic species with lower charge tend to
have low lying excited states, indicates that the ionising gas tends to have a much larger
emissivity than gas in steady state equilibrium at the same temperature.
Since ionisation rates increase more steeply with temperature than recombination rates
and because the ionisation zone has high emissivity, the ionisation zone is much narrower
than the recombination zone. If the gas is completely preionised and neutral hydrogen
survives into the shock front, then the hydrogen ionisation zone will be extremely
narrow. The gas cools rapidly as recombination takes place and steady state ionisation is
not obtained.
The gas kinetic temperature falls below the effective ionisation temperature; the gas
becomes over-ionised for its temperature and recombination dominates as the gas cools:
this is Region III, the recombination/cooling zone. Because the emissivity is smaller
than for a gas in steady state equilibrium (the ions tend to be more highly-stripped and
have high energy levels compared to the gas kinetic temperature), line emission
dominates below ~ 10^ K (Gaetz et al. 1988). In general, the temperature in this region is
> 104 K.
Region IV is the hydrogen recombination zone. The energy balance in this region is
more complex than the other regions. As a result, forbidden line cooling becomes
important. UV flux from hotter parts of the flow can be an important source of heating
and ionisation and the recombination plateau is generated (Shull and McKee 1979). The
temperature in this region is generally < 104 K. Downstream of this region is gas that has
fully cooled and recombined (Region V).
2.4 Gas Dynamics
The physical variables of density, velocity, pressure and temperature behind a shock are
determined by hydrodynamical equations of mass, momentum and energy conservation

13
for “steady flow”. Steady flow assumes a homogeneous and steady source of preshocked
gas, as well as a shock front which does not slow appreciably in the time for gas to flow
through the full cooling zone. When magnetic fields are included, (B perpendicular to the
flow), a sufficient level of ionisation assures that B is coupled to the matter, leading to a
flux freezing in which \)B and B/p are constant. Conservation of mass and momentum
plus the flux freezing condition lead to the following relationships^:
P m

= pu

...(1)

P l + p m 2 = p + pu2

...(2)

B l / p i = B/p

...(3)

The downstream pressure as a function of the density p is:
P ( P ) = P l + p i t » l 2 [ l - p i / p ] + ( B 1 2/8 jr)[ 1 -p2/p 1 2 ]

...(4 )

The temperature follows from the ideal gas law: T = [|iP(p)/pk] where p, is the mean
mass per particle. In the strong shock limit (Mach number » 5) the density jump (p2/pi)
at the front conditions lead to the Rankine-Hugoniot jump conditions for y = 5/3:
(P2/P1) = Ci>lA>2) = (yfl)/(Y-l) => 4

...(5)

P2 = (2pi-ui2)/(yfl) => 3p iu i2/4

...(6)

kT2 = [2(y-l)/(y+l)2]|Xsl)i2 = > 3psDi2/16

...(7)

Equations 5-7 represent the general case in which we have assumed that the preshock
magnetic field is neither parallel nor perpendicular (B//Bj_ ^ 0). Other cases include
perpendicular and parallel shocks. The angle characterising the shock is between B and
the shock normal, 0j = tan'l (Bj/B//). For perpendicular shocks, 0j = 7t/2, we obtain a
postshock ionisation and excitation that is determined by the full velocity of the flow and
the emission-lines come from the gas that is almost at rest. Parallel shocks have 0 1 = 0
and we obtain very low ionisation and excitation postshock regions. For highly oblique
shocks (0i -> 0), the emission-line spectrum is formed the region that has a velocity
nearly equal to the full preshock flow-velocity.
In the general case, 0 < 0j < tc/2 and for y = 5/3, the magnetic field becomes unimportant
for high Mach numbers (Draine and McKee 1993). With Mach numbers > 5, the
magnetic field can be omitted altogether. Models of magnetohydrodynamic (MHD)
^Variables with the subscript 1 are ahead of the front, those with a 2 are immediately behind it, and those
unscripted are at general positions downstream. Equations 1-3 are valid for both conditions immediately
behind the front and at general downstream locations. Equations 1-7 from Draine and McKee (1993).
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models have been studied by Draine (1980), Draine and McKee (1993) and Uchida
(1989).
Figure 5 shows a schematic structure of a shock wave under the constraints of equations
5-7 and for y = 5/3. The preshocked gas of density pi and pressure Pj flows into the
shock wave front at velocity (relative to the shock front) v = 0 $, is compressed
discontinuously to density p2 = 4pi (graph of p/pi), decelerated to velocity V2 = v\/4
(graph of v/x*s) and heated to postshock temperature kT2 = Ts » T\ (graph of T/T2 ).
2.5 Shock Structure: Atomic and Molecular Processes
The structure of radiative shocks depends on a variety of atomic processes affecting the
composition of the gas and energy content. Ionisation can be affected by collisional
ionisation, photoionisation, radiative and dielectric recombination, ion charge exchange
with H°, He0 and radiative cooling. Energy losses from the gas results from collisional
excitation of atoms, ions, or molecules followed by radiative decay. This energy loss
leads to the gas cooling.
Emissivity in lines and continuum is dominated by electron impact excitation of
resonance, semi-forbidden and forbidden lines of H°, He0, He+ and ions of abundant
elements. Electron collisions dominate the excitation of the permitted, semi-forbidden and
optical forbidden lines of atoms and ions that often occur where shock waves are present.
Infrared fine structure lines are excited by collisions with electrons, H+ and H°. Equation
(7) and the discussion of Raga (1989) give the postshock temperature as:

postshock

2.9 x lCr K f v shock ^
i+x
preshock ^100 km s-1 )

...(8)

where oshock is the velocity of the preshock flow relative to the shock wave and
Xpreshock is the hydrogen ionisation fraction of the preshock gas. Here it is assumed
that a hydrogen abundance of 0.9 and a helium abundance of 0.1 exists and that the
preshock helium gas is neutral. Assuming that the preshock gas is neutral, as it goes
through the shock it is collisionally ionised. Shock wave velocities Ushock - 50 km s"I
are needed to ionise hydrogen.
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distance

Figure 5.
Schematic structure of a strong (single fluid) shock wave showing temperature T, density
p and velocity v (relative to the shock front), p i is the preshock density and T2 is the
temperature just behind the shock.
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The ionisation process begins when the initial electrons which are present in the preshock
gas are heated as they go through the shock. These hot electrons then collisionally ionise
the neutrals and this causes a greater number of free electrons to be present. Due to the
collisional ionisation process near the shock wave and the radiative cooling further
downstream of the shock, the flow temperature decreases and the density increases. In
the cooling regions, the gas begins to recombine and so producing regions in which there
exists successively lower temperatures and ionisation states at increasing distances
downstream of the shock wave. It is this cooling region that produces a spectrum of
emission-lines with a wide range of excitation and ionisation.
2.6 Models for HH objects: A Prelude
With the discovery of powerful jets emanating from young stars and their clear
association with HH objects, modelling began on how HH objects were produced. Their
coexistence with YSOs such as the T Tauri stars lead Schwartz (1975) to suggest that HH
objects are radiative shocks resulting from the interaction of a supersonic wind from an
embedded young star with the surrounding medium. This view was reinforced when
Dopita (1976) studied optical emission from shock waves from the supernova remnant
N49 in the Large Magellanic Cloud. Study of this paper indicates that the shocked
emission is similar for both HH objects and supernova remnants. The assumption that
shock waves were responsible for the formation of HH objects became the stepping stone
for future models of HH objects as will be seen in Chapter 3.
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3: Shock Models of HH objects
3.1 Introduction
Modelling HH objects at the working surface of an outflow in terms of plane-parallel
shock wave models (Cox 1972) has been unable to account for the simultaneous presence
of low excitation lines such as [OI] and [S II] with highly ionised species like C IV in the
same object. They also have failed to reproduce the entire observed spectrum from the
infrared to the UV with a single characteristic shock velocity. Here the bow shock models
(Hartmann and Raymond 1984; Raga 1986) come to the rescue. Bow shock models can
remove many of the difficulties experienced with plane-parallel shock wave models since
they produce a wide range of shock velocities. This occurs because only the component
of the flow-velocity perpendicular to the bow shock is thermalised. It follows that a
single bow shock can produce high excitation near its apex and lower excitation lines
from the oblique shocks along the wings.
3.2 M odels
Models of HH objects are based on the assumption that they are representative of the
cooling regions behind shock waves. A brief description of each model is given in the
following sections.
a. The "Shocked Cloudlet" Model
Schwartz (1978) modelled HH objects as the interaction between a supersonic stellar
wind and dense clumps of gas present in the surrounding interstellar medium as shown in
Figure 6(a). A stellar wind creates a luminous (nearly) planar bow shock around the front
side (high temperature region) of the cloudlet and a second shock is propagated into the
cloudlet. In order to meet the kinetic energy required for this scenario, an isotropic stellar
wind from the embedded young star with a mass loss rate ~ 10"6-10-5 Mq y r'l is
required.
Because the shock velocity (which determines the excitation state of the gas) is the
relative velocity between the cloudlet and the stellar wind, the model predicts that the
highest velocity HH objects should have the lowest excitation spectra. The highest
velocity cloudlets will be found furtherest from the star (in general). In other words, the
excitation decreases with increasing distance from the star (Schwartz et al. 1985).

The transfer of momentum from the wind to the cloudlet is a problem for this model: the
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cooling time of the postshock flow has to be less than the flow time around the
condensation. If this is not the case, then the shocked wind gas expands without cooling
and the HH object does not form. Schwartz (1978) circumvented this problem by
assuming that the mass loss from the young star lies in the range 10"6-10-5 M q y r *. If
the flow is highly collimated, the mass loss could be as low as 10-8-10-7 M0 y r 1 and
therefore eliminate the momentum transfer problem.
The model cannot account for HH objects that have high proper motions. It is still not
known whether a stellar wind can accelerate the HH objects to their observed velocities
without destroying them. By the time that the backside of the cloudlet has knowledge that
the front has been affected by a wind, a shock has transversed the whole of the
condensation and in the process, may have destroyed it. It has been shown by Rózyczka
and Tenorio-Tagle (1985) that cloudlets are more than likely to break up under the impact
of a strong stellar wind.
b. The "Interstellar Bullet" Model
Norman and Silk (1979) introduced a model in which HH objects are formed when
clumps of gas are ejected from the near stellar environment. This leads to the production
of fast moving interstellar bullets that plough through the surrounding interstellar medium
and drive "bow shocks" into the surrounding ambient gas. The cooling flows behind
these shocks would be the HH objects. A possible scenario for the formation of HH
objects could be a number of bullets are fired out into the medium surrounding the
compact infrared source (the protostar), and as they are slowed down, they expand due to
the increased ram pressure, merge, and form a cloud of HH objects.
In this case, a bullet of mass ~ 10~4 Mq travelling supersonically can produce the
emission that is characteristic of HH objects. In terms of observations, this model
predicts:
•

The bulk of the emission occurs around the bullet speed;

•

The highest excitation occurs in a region that is furthermost away from the exciting
source;

•

Shocked molecular emission arises behind the more oblique parts of the shock,
assuming that the surrounding ambient medium contains molecules and could shield
the optically visible HH object.

The resulting shock geometry and dynamics have similarities comparable to those in the
shocked cloudlet model of Schwartz. The difference between the two models is that the
Schwartz model involves a shocked stellar wind on the star-ward side of the cloudlet and
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in the Norman-Silk model, there exists shocked ambient gas on the side of the clump that
is on the opposite side of the star.
The problem of proper motions is basically the same as discussed in the previous model.
The formation mechanism of the bullets is also a problem: the acceleration of the bullets
to the observed velocities seen in HH objects asks the question of how the bullets can
remain intact. Shocks greater than 150 km s"l are unsteady due to the thermally unstable
postshock cooling. The entire postshock zone therefore can become unsteady and
turbulent and not lead to the formation of the bullets.
The latter problem has been studied by Tenorio-Tagle and Rozyczka (1984), in which a
mechanism that depends on the focussing of large scale wind driven shocks by obstacles
in their path is considered. They show that a converging conical shock can be produced
and can lead to the formation of bullets with the proviso that the gas shocked by the
conical shock cools fast enough. However, for the Tenorio-Tagle and Rozyczka (1984)
scenario to work, the converging shock must be conical and completely uniform. The
requirement for this is that the surrounding ambient medium must be without
irregularities. It becomes difficult to satisfy these restraints when one looks at the obvious
irregularity of the ambient medium.
The energy source of numerous HH objects have been associated with T Tauri stars such
as T Tauri (HH 155), HL Tau (HH 150) and AS 353A (HH 32). The difficulty here is
the identification of the exciting star of the HH object with a pre T Tauri stage of
evolution. It is unlikely that the above mentioned T Tauri stars have recently emerged
from protostellar cocoons on the timescale (10^-10^ yr) that is normally associated with
that of the dynamical lifetime of HH objects.
c. The "Cavity" Model
Canto (1980) proposed that the emitted spectrum of HH objects comes from shocks that
are associated with the walls of elongated cavities evacuated by a strong, focussed and
isotropic stellar wind located at the edge of a dense molecular cloud. The scenario is
illustrated in Figure 6(b). This model uses the focusing properties of density gradients in
the gas surrounding the wind source: in this case a T Tauri type star. Canto (1980)
suggested that the T Tauri type star is immersed in a stationary medium and that the star
blows out material at an isotropic rate ~ 10"7 M q yr“l, velocity = 100 km s'* and
ambient particle density >10^ cm"3.
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Figure 6(a).
The Shocked Cloudlet Model: the neutral stellar wind (region 1) is thermalised in the post
bow shock region (2) which extends to a contact discontinuity (region 3) at the front
surface of the cloud. The pressure discontinuity drives the shock through the cloudlet
with velocity v s. Region 4 represents post cloudlet shocked gas. The transition shock
represents the interface of the stellar wind with the surrounding ambient material. From
Schwartz (1978).
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Figure 6(b).
Dig Cayity-MQdel: excavation of a cavity in an interstellar cloud by a stellar wind that
cools on shocking. Taken from Dyson (1987).
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Due to the increased pressure difference between the inner and outer sides of the cavity,
the flow is forced to narrow down the further away it gets from the wind source. Two
shocks evolve due to the constant stellar wind:
•

The first shock occurs when the wind pushes against the oblique wall of the cavity
and is then refracted towards the tip (in which case we can detect HH objects
travelling along the walls of the cavity);

•

The second shock arises at the tip of the cavity due to the flow converging and
shocking against itself. Most of the wind momentum and energy is delivered at this
point and the HH objects can be located here.

The cavity shape depends on the density distribution of the surrounding medium. If the
density is not symmetric, then we get the configuration as seen above. However, if it is
symmetric, then the cavity will take the form of a two-sided lobe, much like that of the
more familiar bipolar molecular flows. Barral and Canto (1981) have extended this model
to a study of a flow of an isotropic wind into a large "interstellar disk" around the star
resulting in a bipolar flow: the disk acts as a collimating mechanism.
The main problem of this model is with proper motions: the model produces stationary
shocks and therefore is unable to produce HH objects with high proper motions. The
structure of the focal point depends on the obliquity of the shocks through which the gas
flows through this point. If the shocks are normal to the flow, then a stationary HH
object may be produced that has no proper motion. Shocks that are very oblique could
produce a similar object, but it would be at a lower excitation and still have no proper
motion. That is unless there is a means of re-exciting the cooled gas. Raga and Canto
(1989) looked into the possibility of gas injection into the focus in the form of clumps.
These clumps drive bow shocks ahead of themselves into the surrounding gas and
produce HH objects much like in the same manner as described by Norman and Silk
(1979) . An advantage of this model is that it reduces the stellar wind energy requirements
by the focusing mechanism.
d. The "Jet" Model
With growing evidence of low-mass YSOs giving rise to energetic, well collimated high
velocity bipolar outflows, Konigl (1982) discussed the situation opposite to that of Canto
(1980) . An isotropic stellar wind ("jet") expands in a circumstellar disk (the collimation
mechanism) with an anisotropic density distribution. This gives rise to an interstellar
bubble that elongates (in a double lobed structure) in the direction of the external density
gradient.
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The elongating stellar bubble may become unstable to the formation of de Laval nozzles.
Once these nozzles are established, the outflow becomes channelled into two oppositely
directed, supersonic jets and interacts with the environment resulting in a series of
internal shocks and a "working surface" as shown in Figure 6(c).
This case is different from the Canto model in that the gas does not cool after shocking.
The HH objects can be interpreted as dense clumps of matter that have been accelerated
along the nozzle by the jets. These clumps could may have formed by thermal instability
or entrainment in the vicinity of the nozzles, or else could represent local condensations in
the cloud which intercept the paths of the jets.
Problems with this model are similar to those discussed in the Norman and Silk model: it
is not known whether it is hydrodynamically possible for the objects to be accelerated
with a stellar wind without breaking up. If the cloudlets do remain intact, then they may
be compressed during the acceleration process.
e. The "Working Surface" Model
Observational and analytical examination has revealed that bow shock models best
account for observed properties seem in HH objects. Several HH objects have been
interpreted as bow shocks as shown by Hartmann and Raymond (1984), Choe et al.
(1985), Raga and Bohm (1985, 1986, 1987), Reipurth et al. (1986), and Hartigan et. al.
(1987). Modelling bow shocks for particular cases such as the HH 1/2 system (Hartmann
and Raymond 1984) has accounted for monochromatic images, spectra, position-velocity
diagrams, the origin of clumpy structure and the corresponding proper motions of the
clumps and condensations.
The bow shock is part of a complex called the "working surface region" of a stellar jet
(Raga 1988; Hartigan 1989). The bow shock is a reasonable approximation to the
conditions of a stellar jet, providing that the ratio of the jet to the environment density is
sufficiently high (Noriega and Bohm 1990). Stellar jets are created by the outflow of
material from a YSO or protostar. Figure 6(d) shows an illustration of the working
surface which represents the region where the jet interacts with the surrounding
interstellar medium and is characterised by two shocks: a jet shock (or Mach disk)
which slows the jet material and a bow shock that accelerates the gas in the ambient
medium. HH objects could form in the cooling areas behind these shocks.
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Figure 6(c).
The Jet Model: consists of stabilised de Laval nozzles in an axisymmetric external
pressure distribution. The pressure drops from the value po in the equatorial plane to pn
at the position of the nozzles. An isotropic, stellar wind is blown out from the central
source and shocked at the radius Rw . It is then accelerated again in two opposite
directions and becomes supersonic again where the nozzle constricts at z = zn. Arrows
indicate direction of flow at various locations in the channel. Taken from Konigl (1982).
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Figure 6(d).
The Working Surface Model: a stellar jet interacting with the surrounding interstellar gas.
The two fluids (1: the jet gas and 2: interstellar gas) being shocked (IS: the shocked jet
gas and 2S: the shocked interstellar gas), produce four distinct regions. The velocities are
shown with respect to a stationary exciting source to the left of the diagram. Here, vj = jet
velocity and Vbs = bow shock velocity. Taken from Dyson (1987).
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Bullet

Figure 6(e).
Similarity of the working surface of a jet to a bullet: vb-vcs is the cloudlet shock velocity.
Region 1 is the bullet material, 2 is the ambient cloud material with a cloudlet shock and
bow shock propagating into fluids 1 and 2 respectively. From Hartigan (1989).
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The connection with bow shock models such as the bullet model of Norman and Silk
(1979) is represented in Figure 6(e). The bow shock and Mach disk of the jet model
correspond to the bow shock and cloudlet shock respectively, of the bullet model, or
shocked cloudlet model of Schwartz (1978). As material flows through the working
surface, it moves away from the axis of the jet and begins to flow backward with respect
to the outflowing gas.
This geometry sets up a low pressure area exterior to the jet which is just in front of the
working surface and causes the jet to expand freely just before it encounters the Mach
disk. The expanding flow forms the characteristic shock pattern of an under-expanded
jet. Such a jet has a higher pressure at the source than the surrounding medium and this
leads to the jet freely expanding until the jet pressure decreases to the point where
confinement is possible.
For a supersonic flow, free expansion increases the velocity of the jet in addition to
cooling the gas. Both effects increase the Mach number of the flow and since the pressure
jump across a shock scales as the Mach number squared, the Mach disk appears a much
stronger shock than the bow shock. The surface brightness of a strong shock in a given
emission-line is determined by the preshock density and velocity of the incident material
with respect to the shock, not the Mach number of the flow. Free expansion of a jet in
front of the working surface only affects the surface brightness of the Mach disk
significantly when the expansion occurs over a substantial length of the jet. This model
implies:
•

The Mach disk and the apex of the leading shock should have comparable surface
brightness unless the jet and ambient medium densities differ from each other by
more than 1 to 2 orders of magnitude, or if one of the shocks is so strong that it does
not cool radiatively;

•

When both the Mach disk and bow shock radiate, a jet that is significantly denser than
the surrounding medium produces a brighter bow shock which is analogous to the
bullet model. On the other hand, a jet that is significantly less dense than the ambient
medium will produce a brighter Mach disk;

•

Emitting gas at the head of the jet can only have a velocity (with respect to the exciting
star) when the jet is denser than the surrounding cloud. This leads to the conclusion
that HH objects with large radial velocities or larger proper motions can only be
explained with a dense jet;

•

When the bow shock emission dominates and the object is spatially unresolved, the
system looks like an interstellar bullet ejected from the forming star.
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A problem with the working surface model is that it cannot account for the individual
condensations observed in HH objects. As an example, HH 2 has isolated knots aligned
along the axis of the flow. The model encounters difficulties in explaining the origin of
these individual knots of emission that display large line widths. Hartigan and Graham
(1987) has suggested that each knot could be an individual bow shock. Other studies in
time dependent bow shock calculations have produced thermal instabilities in the flow
that produce condensations which, in a morphological sense, are similar to the observed
knot structures.
3.3 HH objects and M odels
The best example for the Shocked Cloudlet model is the string of objects HH 7-11 (Aspin
et al. 1994; Dent et al. 1993), whereas the Cavity Model best describes HH 39 (Walsh
and Malin 1985; Schwartz and Schultz 1992). HH 1 (Bohm 1994) and HH 34 (Reipurth
and Heathcote 1992; Bally and Devine 1994), incorporate aspects from the Jet,
Interstellar Bullet and the Working Surface model. HH 28 and HH 29 (Fridlund et al.
1993; Bachiller et al. 1994) can be described by incorporating aspects from all the above
mentioned models.
3.4 R ecent Developm ents
Stellar jets show "knotty" structures that are evenly spaced and well aligned which extend
away from the outflow source. This has lead to models in which a pulsed jet originating
from the YSO is the cause of the knots due to periodic variations of the jet velocity. The
simulations by Raga and Kofman (1992; hereafter RK) and the numerical simulations of
protostellar jets with non-equilibrium cooling by Stone and Norman (1993; hereafter SN)
show that for each pulse, two shock waves are produced.
The first is an upstream (towards the outflow source) shock (propagating more slowly
than the jet velocity) which decelerates approaching high-velocity material as it collides
with the pulse. The second is a downstream shock (propagating 'more faster than the jet
velocity') produced as the pulse sweeps up low-velocity material ahead of it. The
pressure between these two shock regions causes (a) the shocks to separate from each
other and (b) the ejection of material laterally from the pulses thus creating a "cocoon"
(which could explain the cavity seen in many outflows).
The combined effect of these two processes on the pulses is to widen and to cause decay
in amplitude as they propagate. The emission from the shock surfaces bounding the
pulses produce well separated emission knots which move with the mean velocity of the
jet and fade as the pulses decay. The dense, cooled gas that collect at the head of the jet
undergoes nonaxisymmetric fragmentation by a variety of mechanical instabilities,
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leading to clumps and filaments of material.
As an illustration, consider an initial pulse from the outflow source which is ejected at
300 km s“l and encountering previous ejecta moving at say 260 km s"l. The two-shock
structure is formed when the faster (300 km s"l), upstream material catches up with the
slower, downstream material (260 km s"l) as shown in Figure 7. The resulting bow
shock has a velocity which is just their difference of 40 km s~l. RK and SN indicate that
a jet from a source with an extended time dependant history will have several of these
"two-shock" structures" (or the internal working surface). The results of RK are
compared with the knots labelled B to G (Reipurth et al. 1986) of the well studied jet of
HH 34. The parameters that RK compare include shock velocities, H a luminosities and
characteristic masses of the knots in the stellar jet and find surprisingly good agreement
between the theoretical predictions and observations.
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Figure 7.
The internal structure of an internal working surface in a jet flow. A two shock structure
is formed as the faster, upstream material (velocity u l) caches up with the slower,
downstream material (velocity u2). The gas trapped between the two shocks is ejected
sideways by the on axis over pressure (a result from the compression in the two shocks),
forming a “cocoon”. Taken from Raga et al. (1990).
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3.5 Putting it all together: HH 1/2
In this section, multiwavelength observations of HH 1/2 are compared to model the
outflow associated with these objects. Images from the literature are presented to
highlight the discussion. HH 1/2 are located in the L I641 dark cloud in Orion at a
distance of 470 pc. The system is identified with working surfaces of a bipolar outflow
driven by an embedded source, from which a faint optical blueshifted jet is seen.
a. Optical observations
Figures 8(a) and 8(b) show H a images of HH 1 and HH 2 respectively from Raga and
Mateo (1988). Their high spatial resolution intensity maps of HH 1 show a bow shock
structure that can be modelled by the time dependent bow shock models of Raga et al.
(1987). The same morphology is shown in the [S II] and H2 overlay image of the HH
1/2 region from Davis et al. (1994; Figure 8(c)). The H a and [S II] images of HH 2
display unresolved condensations, with the presence of interconnecting structures
between them. This structure within HH 2 might require more complex models to explain
as they are probably the result of thermal and dynamical instabilities.
The presence of [O III] emission in HH 1/2 indicates that they are high excitation objects.
The VLA 1 jet does not contain any [O El] emission, but the [S E] image of Davis et al.
(1994; Figure 8(c)) shows that it is strong in [S E] and therefore considered to be of low
excitation. The shock velocities of HH 1/2 obtained from these spectral lines indicates
\)shock ~ 100 km s 'l and for the VLA 1 jet, Dshock ~ 20-40 km s"l (see Solf and Bohm
1987).
(Ne, Te) diagrams of HH 1 and knots HH 2H and 2G are given by Bohm et al. (1976).
The crossing region for HH 1 indicates that Ne ~ 1.6 x 104 cm“3 and Te ~ 7500 and for
HH 2H, the crossing region gives Ne ~ 2.5 x 104 cm~3 and Te ~ 11, 400 K. For HH
2G, Ne ~ 5 x 104 cm-3 and since Ca II (?i3934) was not measured, an upper limit of Te
- 13, 000 K is given, but the intersection of the [S II]/[0 II] curve with the [S II]
(4069+4076)/6717 curve indicates Te ~ 14, 000 K.
b. Near-infrared observations
Figures 8(d) and 8(e) show the H2 v = 1-0 S(l) (2.12 Jim) and [Fe II] (1.645 Jim)
images of HH 1/2 respectively from Davis et al. (1994). The H2 image of HH 1 shows
the eastern part of the bow shock structure and knot HH IF. The H2 emission from HH
1 can be traced back to the energy source (VLA 1), indicating a process of steady
entrainment of ambient material. The [Fe E] emission is confined to an area near the tip of
the bow shock and to the jet near VLA 1. The H2 emission is expected since it originates
in the wings of the bow shock, where the shocks are oblique and therefore of low-
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velocity. A compact H2 emission knot near HH IF is thought to originate from an area
around the Mach disk as in the HH 46/47 counterflow (Eislòffel and Mundt 1994).

Figure 8(a) & 8(b).
H a images of (a) HH 1 and (b) HH 2. From Raga and Mateo (1988).
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F igure 8(c).

[S H] with H2 overlay image of HH 1/2 from Davis et al. (1994).
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Figure 8(d).

Near-infrared H2 (2.12 jim) image of HH 1/2 overlain on the [S II] image. From Davis
et al. (1994).
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F igure 8(e).

Near-infrared [Fe H] (1.645 Jim) image of HH 1/2 from Davis et al. (1994).
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H2 emission from HH 2 is similar to the optical [S II] image and coincides with the [Fe
II] peaks. The dumpiness of HH 2 appears to be the result of a shock breaking up due to
thermal instabilities, leading to the formation of "bullets", which have their own
individual mini bow shocks (Gouveia Dal Pino and Benz 1993). Along the flow axis
which is defined by VLA 1, the VLA 1 jet and HH 2L, a sequence of faint H2 knots in
the northwest comer of HH 2 can be seen. The coincidence of this emission with the
flow axis suggest that they delineate the outer part of the counter jet from VLA 1.
c. Far-infrared observations
Far-infrared observations of the HH 1/2 region have been carried out at 50 and 100 Jim
by Harvey et al. (1986) and images are shown in Figures 8(f) and 8(g) respectively.
They detected a north western far-infrared lobe which encompasses HH 1 and the radio
source/H 20 maser discovered by Pravdo et al. (1984). A south eastern lobe of farinfrared emission exists between HH 2 and VLA 1 in a dark part of the [S II] image. No
far-infrared emission was detected from HH 2. The 50 and 100 Jim flux contours are
well centred on VLA 1 and the radio source/H20 maser.
The dust temperature in the north western lobe peaks near the maser source, while in the
south eastern lobe it peaks near a faint optical knot northwest of VLA 1. A strong
gradient of increasing dust column density west of HH 1 exists, with another increase to
the southeast towards HH 2. Harvey et al. (1986) indicate that the HH 1/2 outflow is
located near the boundary of a dense dust cloud. From the observed far-infrared optical
depths, they conclude that HH 1/2 are regions of shocked material associated with
regions of high density rather than material that has been ejected from VLA 1.
d. Radio observations
VLA 1 was first detected in the radio continuum by Pravdo et al. (1985) and a VLA study
was carried out by Rodriguez and Reipurth (1989). The radio radiation mechanism from
the HH objects was found to be optically thin free-free emission. The radio emission
from HH 2 also displays the dumpiness seen in the optical [S II] and H a images
discussed previously. When observed with sub arcsecond angular resolution, the central
source appears elongated with its major axis aligned within a few degrees of the HH 1/2
axis (Rodriguez et al. 1990; Figure 8(h)). The proper motions of the HH objects
(observed in the optical by Herbig and Jones 1981), has been confirmed in the radio
using 6cm VLA data of the HH 1/2 region made 2 years apart
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Figures 8(f) and 8(g).

Far-infrared images at (f) 50 Jim and (g) 100 jim. From Harvey et al. (1986).
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Figure 8(h).
Radio continuum emission from HH 1/2 and VLA 1 at 6cm. From Rodriguez et al.
(1990).
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e. Ultraviolet and Continua observations
C IV (M.1548,1551) and C III] (M.1907,1909) have been detected in HH 1/2 by Bohm
et al. (1987).Their results for the C IV (M l 548,1551) emission shows a maximum in
intensity further away from VLA 1 than the maximum seen in the C HI] (Ml907,1909)
line. This is indicative of the bow shock models of Hartmann and Raymond (1984),
Raga and Bohm (1985) and Bohm and Solf (1985).
The UV continuum emission in the wavelength range 1300 k < X < 1900 A has been
studied by Bohm et al. (1987), with the maximum in both objects occurring at X ~ 1580

A. A steep decline occurs between 1580 A < X < 1700 A, which indicates that the
continuum is not purely due to collisionally enhanced two-photon emission4 (Dopita et al.
1982). The two-photon continuum may contribute to the observed emission, but another
process must account for the detailed structure. The maximum in intensity (1580 A)
agrees with the position of the maximum of the H2 continuum (Dalgamo et al. 1970;
Duley and Williams 1980) which is formed by the destruction of H2- The destruction of
H2 may play an important part in HH 1/2. As a final note, Bohm et al. (1987) state that
H2 destruction occurs in high excitation objects, while fluorescent lines of H2 (excited by
L ya radiation) play an important role in the UV spectra of low excitation objects (see
Schwartz 1983).
3.6 HH objects: Tracers of the stellar wind ?
From the analysis of HH models, HH objects mark the locations where energetic winds
from young stars impact the gas of the surrounding molecular clouds. Therefore, HH
objects act as optical tracers of the stellar wind. As most HH objects emit at optical
wavelengths, it should be possible to utilise photographic survey material to identify
regions of shock-excited emission and locate the YSOs which drive these outflows.

4If the observed emission was two-photon continuum, then the maxima of the continua should have been
at X ~ 1410 A. See Bohm et al. (1987) for details.
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4: Digitising ESO/SERC Sky Survey Plates
4.1 Introduction
The abundance of nearby stellar outflow complexes in the Southern Hemisphere provides
us with the opportunity to carry out a wide variety of projects including:
•

Morphological studies (Supernova Remnants, HH objects);

•
•

Photometric Studies (Variable stars, Nebulosities);
Astrometric Measurements.

The usage of photographic material in a quantitative way has, until recently, required
access to comparatively expensive equipment. The digitising of optical survey plates has
been undertaken at two UK institutions: the Institute of Astronomy in Cambridge with the
APM machine and at the Royal Observatory Edinburgh (ROE) with the COSMOS and
SuperCOSMOS facilities. The Astronomical Institute of Münster University (AIM) also
digitises survey material with PDS 2020GMplus microdensitometers.
The Astronomy research program in the Physics Department at the University of
Wollongong has a requirement for image digitising and analysis. The Department holds
the complete set of southern sky surveys (ESO IIIa-F, SERC IIIa-J/IV-N). Using these
plates in both teaching and research has brought about the construction of a low cost
image digitising and analysis facility based on IBM PC compatibles, commercial video
frame grabbers and image analysis software (Zealey et al. 1994a). The real time image
enhancement and background subtraction possible with this system allow the full
exploitation of archival photographic images.
4.2 Video D igitising System s
The image digitising facility provides for the real time, 8-bit (256 grey scale), video
digitising and analysis of photographic plate material. The image digitiser system uses a
PC/AT based video frame grabber. The digitising board used is of PCVisionPlus type.
Computer controlled Look Up Tables (LUT's) allow the stored 512 x 512 pixel image to
be displayed in pseudo colour on a dedicated RGB image monitor. The video digitiser
accepts video input from a Phillips CCD video camera mounted on a Polaroid Laboratory
Camera and a combination of lenses allows both widefield (300 mm square; 6 mm pixels)
and microscopic (5 mm square; 10 fim pixels) imaging of Sky Survey plates. Plate
illumination is provided either by a Chromega colour enlarger head for regions up to 5
mm square or a light box for larger areas.
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Jandel’s© JAVA software allows real time enhancement and measurement of the digitised
images. JAVA allows for spatial filtering, contrast enhancement, thresholding, simple
backgrounding and source counting as well as photometric analysis. Images are stored as
8-bit TIFF (Tagged Image File Format) which are readable by a wide range of image
software. Once images are captured from the screen, they are stored on a 600 Mb Ricoh
Magneto Optical Drive and then copied onto floppy disks for transfer to other PCs with
specialised imaging software. Image editing is done on JPL's Alchemy Mindworks
GWS© package which is useful for a first look at the images, cropping and scaling and
conversion to GIF (Graphic Interchange Format) or other image formats. Further
enhancement and addition of text can be done in CORELDRAW© or Adobe
Photoshop©. These packages allow for low quality black/white or colour hardcopy using
bubble jet printers or black/white images on the Department’s laserwriter.
4.3 Image Characteristics
The pixel scale of the raw images is binned at 512 x 512 pixels. This is predetermined by
the 8 bit digitiser in combination with the CCD. The output resolution of the images, or
the number of dots per inch (dpi) is limited by the printing device. In our case, we are
limited to a dpi of 300 on the department's laserwriter. The resolution, or pixels per inch
(ppi) of the images is sufficient to display enough detail and colour transition for
morphological purposes.
4.4 Applications to Astronomy
a. Morphological/Source Studies of Outflows
Since the publication of the original catalogue of 43 HH objects by Herbig (1974), there
has been a substantial increase in the number of known HH objects and energy sources
due to advances in imaging technology, especially in CCD imagery through narrow-band
filters. Catalogues have been compiled by Schwartz (1977a; deep red objective prism
survey of southern HH objects), Hartigan and Lada (1985; broad-band V, R, I and Ha
CCD images of suspected HH objects), Strom et al. (1986; broad-band V, I, H a and [S
II] CCD images), Von Hippel et al. (1988; literature survey up to 1988) and Reipurth
(1994; extensive notes on individual HH objects with detailed references to the literature).
Plans are underway to incorporate [S II], Ha and broad-band images into Reipurth's
catalogue (Reipurth 1995).
The ESO/SERC southern sky surveys provide matching deep IIIa-F, IIIa-J, and IV-N
images of the Southern Sky south of declinations < -20° with three different wavelength
ranges. Although Reipurth and others have searched the survey material for HH objects,
little systematic use has been made of them to identify the energy sources of these flows.
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Our aim is to survey the plates to identify shock-excited regions and the energy sources
of HH flows. The images will be made available as a Catalogue of HH objects and their
energy sources. We have used simple video digitising systems to image regions around
all the southern HH objects in Reipurth’s catalogue (Reipurth 1994). Characteristics of
the nia-F, IIIa-J and IV-N surveys are given in Table 2.
Table 2. Characteristics of ESO/SERC plates.
Emulsion

Filter

Sensitivity (Â)

IIIa-J

GG 395

3950 < X < 5400

IIIa-F

RG 630

6300 < X < 6900

IV-N

RG 715

6950 < X < 9000

The typical emission spectrum of HH objects lie within the wavelength ranges of the
ESO/SERC plates. From the wavelength ranges shown in Table 2, the IIIa-J plates are
more responsive to higher excitation emission-lines such as [O III] (?t5007), whereas the
nia-F plates are dominated by the low excitation H a (X6563) and [S II] (KX6117,6731).
The IHa-F and IIIa-J plates therefore provides a roadmap of the shock-excited gas seen in
HH objects. The IV-N plates do not contain any major emission-lines that are known to
be prominent in shock-excited regions of HH objects and so act as a probe for scattered
light from the embedded YSO. The IIIa-F plates reach beyond the H a (?i6563) line at the
red end of the spectrum and are capable of showing H a line-emission stars which feature
prominently as the energy sources of HH objects.
The IIIa-F and IIIa-J images can be compared with published [S II], H a and H2 images
to clearly identify shock-excited emission regions and to distinguish between reflection
and emission nebulosity (Zealey et al. 1992; et al. 1994b). The IV-N band, near infrared
and continuum images can be used to identify the energy sources of the outflows. In
many cases, the emission features in the IIIa-F, IIIa-J and H2 images do not coincide
which is indicative that excitation conditions or extinction varies across the objects.
HH objects lying close to bright reflection nebula are often visible on the IIIa-F and IV-N
plates, but are swamped by reflected light on IIIa-J plates. Malin et al. (1987) resolved
this problem in the discovery of HH 247 by using unsharp masking techniques. We are
able to apply similar techniques using Adobe Photoshop®. In the images that follow, for
those HH objects which have their energy source identified, the location of the YSO is
indicated on the IV-N image.
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b. Examples of the Digitised images
Digitised images of selected HH flows are listed in Table 3 and are presented in Appendix
A. Coordinates and distances have been taken from Reipurth (1994).
Figure A l: HH 1/2 region
This region has been discussed in detail in section 3.5. The IIIa-F and IIIa-J images
clearly show the bow shock associated with HH 1, the VLA 1 jet, the knotty structure
associated with HH 2 and the arc of emission to the east. In the H2 and [S II] image of
Davis et al. (1994; Figure 8(c)), HH 144, HH 145, HH 146 and HH 147 can be seen,
although some of the knots associated with HH 144 and HH 147 are seen in the IIIa-F
and IIIa-J images. HH 146 is not seen at all.
IRAS 05339-0646 has been identified as the energy source of HH 147 and was originally
detected in the infrared by Nakajima et al. (1986). The optical counterpart (a T Tauri star)
was identified by Strom et al. (1989; their N^SK50). HH 147 has been studied by
Corcoran and Ray (1995) and their continuum image shows a cone-shaped reflection
nebula illuminated by N^SK50, which is located at the apex. This reflection nebular is
seen in the I band image of Corcoran and Ray (1995) and in the IIIa-F and IV-N images.
HH 1/2 are driven by HH 1/2 VLA 1, whereas HH 144 is driven by HH 1/2 VLA 2,
which is shown in the infrared K band image of Reipurth et al. (1993b). No energy
source has yet been detected for HH 146.
The IV-N image clearly shows the Cohen-Schwartz (CS) star and reflection emission
which extends along the flow axis of HH 1/2. This emission could be due to the HH 1/2
source (VLA 1) illuminating a cavity though which HH 1/2 have passed. The 1 pm image
of Reipurth et al. (1993b) shows this emission as well. The H2 overlay image of Davis et
al. (1994; Figure 8(d)), clearly shows the H2 emission extending out to HH 1 and HH 2,
with the emission from HH 1 extending back to VLA 1, the energy source. H2 emission
is seen from HH 144 and HH 147 as well, but no emission is observed back to the
energy sources of these objects. The IV-N image does not show a point source at the
location of VLA 1, or VLA 2, but the optical counterpart to the energy source of HH 147
(IRAS 05339-0646) is seen.
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Table 3. Digitised Images of selected southern HH flows.
HH

a (1950)

8 (1950)

Source

Location

Dist (pc)

34

05 33 03.7

-06 28 53

HH 34 1RS

L1641

470

1

05 33 54.5

-06 46 57

HH 1/2 VLA 1

L1641

470

144

05 33 55.4

-06 47 56

HH 1/2 VLA 2

L1641

470

147

05 33 56.9

-06 46 46

L1641

470

2

05 33 59.7

-06 49 04

IRAS 05339-0646
HH 1/2 VLA 1

L1641

470

43

05 35 45.4

-07 11 04

HH 43 1RS

L1641

470

183

05 35 52.6

-07 04 06

V883 Ori

L1641

470

38

05 35 56.5

-07 13 18

90

05 38 52.8

-01 11 29

HH 91 1RS

L1641
L1641

91
94

05 39 25.9

-01 15 01
-02 34 14

HH 91 1RS

L1641

470
470
470

L1641

470

L1641

95

05 40 56.3
05 41 22.5

120

08 07 40.0

-35 56 02

CG30-IRS4

Gum Nebula

470
450

46
47

08 24 17.1

-50 50 34

08 24 22.8

-50 50 00

HH 46/47 1RS
HH 46/47 1RS

Gum Nebula
Gum Nebula

450
450

135

11 10 05.9
11 10 09.0

Carina
Carina

2700

136

-58 30 14
-58 29 44

137

11 11 49.0

138

11 12 01.5

-60 36 17
-60 36 35

Carina
Carina

2700

56

16 28 54.1

57

16 28 56.8

80

18 16 06.9

81

-02 39 03

2700
2700

-44 48 37
-44 49 17

Rei 3
V346 Nor

Norma I
Norma I

700
700

18 16 07.5

-20 53 06
-20 52 23

IRAS 18162-2048
IRAS 18162-2048

1700
1700

101

18 58 12.3

-37 07 17

HH 100 1RS

96

-37 05 11
-37 04 21

HH 100 1RS

97

18 58 18.8
18 58 23.3

L291
L291
Cor. Austr.
Cor. Austr.

100

18 58 26.9

-37 02 59

HH 100 1RS

98
104

18 58 30.4

-37 01 57

Cor. Austr.

130

18 58 36.7

-37 01 37

HH 100 1RS
R CrA

Cor. Austr.

130

99

18 58 43.1

-36 59 01

HH 100 1RS

Cor. Austr.

130

HH 100 1RS

Cor. Austr.
Cor. Austr.

130
130
130
130

Figure A2: HH 34
This is a highly collimated jet which terminates in a bright bow shock. HH 34 is located
in the L1641 dark cloud at a distance of 470 pc. Inspection of the IHa-F and nia-J images
show similar features to those visible in the deep [S II] image of Mundt (1985). The
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strong emission from the HH 34S bow shock and the HH 34 jet in the IIIa-F image
indicates a low excitation conditions, although the Illa-J image shows some higher
excitation emission associated with these two regions.
The IV-N image shows many of the strong infrared sources including HH 34 IRS, IRS 5
and Re22 (Reipurth 1985). It should be noted that Re23 (Reipurth 1985) shows a
different morphology in the IIIa-F and Illa-J images, lying in a north-south direction in
the Illa-J frame. It is in this region that Zealey et al. (1993) found a north-south H2
emission filament. No visible counterparts are seen to the arc of H2 emission observed
north of HH 34 IRS. Re23 represents the brightest part of the arc of optical nebulosity
which could be tracing the western wall of a cavity that contains the HH 34 jet. The
energy source of this outflow (HH 34 IRS) is visible in the IV-N image.
Figure A3: HH 38/43 and HH 183
HH 38, HH 43 and HH 183 are located in the L1641 dark cloud in Orion at a distance of
470 pc. Strom et al. (1986) studied the HH 38/43 region and display broad-band R and
H a images, which both show HH 43 with HH 38 barely visible in the H a image. The
IIIa-F and Illa-J images both show HH 43, with HH 38 not visible in the Illa-J image.
This indicates that HH 38 is of low excitation, while HH 43 could be a higher excitation
object. The [S II] image of HH 43 from Schwartz et al. (1988) displays a geometry
opposite to that seen in working surfaces of jets where the bow shock curves towards the
energy source. Although not clearly seen in the IIIa-F image, this morphology can be
seen with higher magnification. The comparison of [S II] and H2 emission in HH 43 by
Schwartz et al. (1995) shows a close spatial correspondence.
HH 38 is a little studied object with no identified energy source. Reipurth (1994)
suggests an association with HH 43. Gredel (1994) identified the energy source of HH
43 (HH 43 IRS 1) as a binary system located T north west by near-infrared spectroscopy
and was able to trace H2 emission from HH 43 to HH 43 IRS 1. No optical counterpart
to HH 43 IRS 1 is shown in the IV-N image, although a very reddened star (see IV-N
image) is very close to location of HH 43 IRS 1 which could be the optical counterpart.
Another reddened star is located near HH 38 and could be its driving source.
HH 183 is a low excitation object located north east (Strom et al. 1986) of the optically
faint star, V883 Ori, which is identified as the energy source. Strom et al. (1986) indicate
that this object is more prominent in [S II] than H a. Inspection of the IIIa-F image
reveals a faint nebulosity located at the position of HH 183 and the IV-N image shows
the reflection nebulosity IC 430, which is associated with V883 Ori. The bright star in the
bottom left of all images is the unrelated star HD 037507.
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Figure A4: HH 46/47
These objects consist of a bipolar, highly collimated jet with several bow shocks in the
Bok globule ESO 210-6A. The IIIa-F and IIIa-J images of HH 46/47 clearly show the
blueshifted bow shaped knot HH 47D and redshifted bow shock (working surface) HH
47C as observed in the [S II] (M.6716, 6731) image of Eislôffel and Mundt (1994). The
blueshifted flow is similar to that observed in H2 emission (Zealey et al. 1992, 1994b).
Neither the IV-N, IIIa-F or IIIa-J images show emission from the redshifted cavity which
is clearly seen in the 2.12 Jim image. The IV-N band image displays reflection nebulosity
associated with HH 46, HH 46SW and the region of the counteijet. These "cometary
nebulae" are also seen in 2.12 Jim continuum images (Zealey et al. 1993). Neither the IVN band image nor the 2.12 pm image shows a point source at the expected position of
HH 46/47 1RS, but the H2 emission can be traced back to its position.
Figure A5: HH 56/57
These objects are located in the small molecular cloud Sa 187 in Norma at a distance of
700 pc. Inspection of the IIIa-F and IIIa-J images show HH 56 to be stellar, but the [S
U] image of HH 56/57 from Reipurth and Graham (1991) shows faint structure indicative
of a bow shock structure. Also shown is the object Reipurth 13, which is not an HH
object. Both the [S II] and IIIa-F images show HH 57 as a small knot connected to the
star V346 Nor, while the IIIa-J image shows the separation between the two. Optical
spectra of Schwartz and Dopita (1980) show HH 56/57 are high excitation objects, as is
indicated by the strong emission shown in the IHa-J image.
The energy source of HH 56 is associated with the reflection nebula Reipurth 13. The
source was detected in the infrared by Prusti et al. (1993) and at 1.3 mm by Reipurth et
al. (1993b). The energy source of HH 57 is the bright near and far-infrared source V346
Nor (= IRAS 16289-4449; Elias 1980). The IIIa-J and IV-N images shows the optical
counterpart of V346 Nor (where the two lines intersect), with strong reflection emission
between V346 Nor and HH 57 clearly seen. Re 13 has an optical counterpart with strong
emission seen in the IIIa-F and IV-N images and weaker emission in the nia-J image.
Figure A6: HH 80/81
Among the brightest HH objects in the sky, HH 80/81 are located at the edge of the L291
dark cloud at a distance of 1700 pc. Another HH object (HH 80 North) represents the
northern counterpart of HH 80/81. The H a image (Rodriguez and Reipurth 1989) shows
HH 80 with a bright core and several knots with HH 81 being more isolated. HH 80/81
are high excitation objects (Marti et al. 1993).
The central radio continuum source of HH 80/81 was detected by Rodriguez et al. (1980)
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and by IRAS (IRAS 18162-2048). Using the VLA, Rodriguez and Reipurth (1989)
found this source elongated with the major axis pointing towards HH 80/81. The IV-N
image shows reflection nebulosities GGD 27b and GGD 28b, with GGD 27b being
reflected emission associated with the energy source. The source region was imaged by
Aspin et al. (1991) in the near-infrared which does not extend to the HH objects. The
energy source of this complex does not have an optical counterpart in the IV-N image. A
comparison of the IV-N image with the IIIa-F and ma-J images indicates that GGD 27
and nearby sources lie close to the cloud surface, or are even foreground objects as we
see the same stars in all three images.
Figure A7: HH 90/91
This is a large HH complex located in the L I630 dark cloud in Orion at a distance of 460
pc. Gredel et al. (1992) have studied this complex at optical, infrared and millimetre
wavelengths. Their H a and [S II] images show the same features seen in the IIIa-F
image, with the brightest region of the complex being the knot HH 91 A. More than half
of the knots HH 91 A-V, HH 91 X-Z and the HH 90 bow shock are clearly indicated in
the IIIa-F image with some emission shown in the ffla-J image. This indicates that HH
90/91 are low excitation objects, as confirmed by strong Ha, [NII] (M.6548,6584) and
[S II] (KX6117,6731) emission observed by Gredel et al. (1992).
Gredel et al. (1992) discovered a faint infrared source (HH 91 IRS) located inside of the
knot HH 91A and identified this as the energy source of the HH 90/91 complex. Their
Ha-[S II] image indicates that the region surrounding HH 91 IRS is strong in [S II] with
the south east and north west regions strong in Ha. This is expected for a bipolar flow
with two sides of the flow ramming into the ambient material and they conclude that the
energy source is at HH 91 A. The location of HH 91 IRS makes this complex
asymmetric. Their H2 near-infrared observations (1.185-2.454 pm) indicate this knot is
the brightest HH object yet discovered5. The IV-N image clearly shows emission at the
location of the HH 91A knot, which is probably reflected emission from HH 91 IRS. To
the south east of HH 91 IRS is the H a emission-line star LkHa 290.
Figure A8: HH 94/95
These HH objects are located in the L I630 cloud. [S II] and H a images of these objects
are given in Reipurth (1989). The initial view of Reipurth (1989) was that HH 94 was a
bent, well collimated jet as shown in his [S II] image and the IIIa-F and Illa-J images.
The knot HH 95B shows a bow shock morphology as shown in his H a image and the
IIIa-F image. Both HH 94 and HH 95 are strong in [S II], with HH 94 weaker in [NII]
5HH 43 displayed the strongest H2 emission, but HH 91A is a factor of 2 brighter.

48
than HH 95. The absence of [OI] (M.6300,6363) emission in HH 95A indicates that this
might be a high excitation object. The Illa-J image shows emission from both HH 94 and
HH 95, indicating that higher emission-lines such as [O III] (A.5007) or continuum might
be present, but has yet to be confirmed. The feature north east of SAO 132482 in the IVN image is an unidentified (but real) object.
The energy source(s) of these objects has yet to be found. The redshifted nature of HH
94 and the blueshifted HH 95 indicate that the energy source is located between the two
objects. The curved nature of HH 94 facing in the opposite direction of the bow shock
structure HH 95B lend further evidence to this. Curiel et al. (1989) found a radio
continuum source located near the geometrical centre of the HH 94/95 complex. Although
an optical star is located at the geometric centre in the IV-N image (apex of the triangle), it
is also present in the IIIa-F and Illa-J images with equal brightness. Infrared and
millimetre studies need to be undertaken to identify the energy source.
Figure A9: HH 96-101
Located in the R CrA region, these HH objects lie at a distance of 130 pc. The infrared
source HH 100 IRS (Strom et al. 1974a; et al. 1974b) excites HH 100 as well as HH 96,
HH 97, HH 98, HH 99 and HH 101 (Schwartz et al. 1984; Hartigan and Graham 1987).
HH 104 is driven by R CrA (Schwartz et al. 1984). Hartigan and Lada (1985) show
broad-band V, R, I and H a images of the R CrA region. Comparing their R and H a
images with the V and I images shows that HH 100 shines primarily by reflected light
from HH 100 IRS.
The IIIa-F image shows HH 96, HH 97, HH 99, HH 100 and HH 101, while the Illa-J
image only shows HH 98, HH 100 and HH 101 due to obscuring reflection nebula from
T CrA and R CrA. The H a image of Schwartz et al. (1984) shows HH 104 located
within the reflection emission. Comparison of the IIIa-F image with the H a image of
Hartigan and Lada (1985) shows HH 101 with a bow shock structure curved towards
HH 100 IRS. The IV-N band image is not available for comparison and so the location of
HH 100 IRS is indicated on the Illa-J image. Also seen in the north west is HH 82,
which is driven by S CrA.
Figure A10: HH 120
HH 120 is located in the cometary globule CG30 in the Gum Nebula at a distance of 450
pc. Pettersson (1984) provided an in-depth study of this globule and found HH 120 to be
a low excitation object excited by the infrared source CG30-IRS 4. Comparison of the
IIIa-F, Illa-J and IV-N images shows similar emission, but as seen in the eastern side of
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HH 120, the IIIa-F and Ilia-J plates show extended emission that is not present in the IVN image. The rest of the emission seen in the vicinity of HH 120 in the IV-N image is
reflected from the hidden energy source. The unrelated infrared sources 1RS 1 and 1RS 2
are also indicated in the IV-N band image.
HH 120 has been studied at broad-band R (0.6 Jim), J (1.2 jim), H (1.6 fim) and K (2.2
M-m) wavelengths by Graham and Heyer (1989) and at infrared wavelengths by Gredel
(1994), with narrow-band H2, Bry and [Fe II] images. The broad-band K (2.2 pm)
image of Graham and Heyer (1989) clearly shows the location of the HH 120 source.
HH 120 is also clearly seen in this image and is located to the west of CG30-IRS 4. The
H2 image of Gredel (1994) clearly shows a bridge of H2 between HH 120 and CG30IRS 4 indicating the presence of slow, non-dissociative shocks.
Figure A ll: HH 135/136
HH 135/136 lie in a dark cloud in Carina at a distance of 2.7 kpc. Ogura and Walsh
(1992) show [S II] and continuum images of HH 135 as a single bright knot, with HH
136 as a chain of knots. The IIIa-F and IIIa-J images do not show as much detail due to
reflection emission, but the IV-N image clearly displays the same information as the
images of Ogura and Walsh (1992). Ogura and Walsh (1992) suggest that HH 135 is
driven by IRAS 11101-5829 (apex of triangle in the IV-N image) which is not visible.
HH 136 is thought to be driven by an unknown source in the middle of the chain of knots
(D or E).
Figure A12: HH 137/138
HH 137/138 are located in a dark cloud in Carina at a distance of 2.2 kpc. Ogura (1993)
displays [S II], Ha+[N II] and continuum images of these objects, which form a long,
collimated chain of knots. HH 137 A-D could represent a working surface, with the knot
HH 137C representing the Mach disk. The comparison of Ha+[N II] with [S II]
indicates that HH 137 has a higher excitation Mach disk and a lower excitation bow
shock as seen in HH 47A (Reipurth andHeathcote 1991, 1992)6.
Comparison of these images with the nia-F, IIIa-J and IV-N images show basically the
same detail, with approximately half the knots clearly seen. The faint emission seen in the
ma-J image could indicate that these are low excitation objects. The presence of reflection
emission in the IV-N image near the knots HH 137 A-C and F could pinpoint an energy
source, but as yet, no energy source has yet been found for these objects.

6These authors found the reverse in HH 34, HH 47C, and HH 47D in which the Mach disk is stronger in
[S II], and the bow shock is greater in Ha+[N II].
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Ogura (1993) suggests that the energy source could be located between the knots HH
137J and HH 138A. It is interesting to note that there are two very red sources (at the
apex of the triangles in the IV-N image) located near the vicinity of HH 137F and HH
138A respectively. These sources could be new HH objects or the driving sources of the
HH 137/138 flow. The nearest IRAS source is IRAS 11120-6034 (2.65 north of HH
138A) as shown in the IV-N band image.
c. Extinction and Star Formation
Nearby regions of active star formation provide the opportunity to investigate the
mechanisms of star formation and the evolution of the associated ISM. The previous
section demonstrated the effectiveness of the ESO/SERC plates in identifying
components of outflows and in some cases, locating the optical counterpart of the driving
source. The digitised images can also be used to identify the nature of the ISM in these
regions. Extinction of light (or other radiation) from stars as the result of absorption and
scattering by the ISM decreases with wavelength and increases with density and the
distance through which the radiation has to pass. Extinction in star formation regions can
be quite high as shown by the source of HH 46/47 (Figure A4), which is buried deep
within the globule and can only seen at infrared wavelengths (it is not even present in the
IV-N band image).
Due to the inverse relationship with wavelength, extinction becomes less as we go from
shorter wavelengths (the IIIa-J plates) to longer wavelengths (the IV-N plates). Therefore
a source which is more intense in the IIIa-J plates (and less intense in the IIIa-F and IVN) is said to be a blue star with little circumstellar dust surrounding it. On the other hand,
a source which is more intense in the IV-N plate (but less intense in the IIIa-F and IIIa-J)
is a reddened star which provides an indication to the amount of extinction in that region.
These reddened stars are more likely to power outflows associated HH objects as they are
surrounded by dust or still embedded in their parent molecular clouds.
The driving source of the HH 34 outflow (Figure A2), HH 34 1RS, is seen in the IV-N
image and is more intense than in the IIIa-J image. This suggests that there is a high
degree of extinction (and therefore dense material) near HH 34 1RS, Re22 and 1RS 5.
This is supported with molecular observations indicating a dense circumstellar disk of
material extending from 1RS 5 to Re22 and surrounding HH 341RS. This same picture is
also present in the HH 38/43 environment (Figure A3). Two reddened stars are located
east and west of HH 43 and one could be the optical counterpart of the infrared source
HH 43 IRS1; the assumed driving source of HH 43.
The IV-N image of the HH 80/81 region (Figure A6) shows the same stars as the IIIa-F
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and Illa-J images which is a clear indication that there is not much obscuration in the
GGD 27/28 region simply because they could be close to the outer limits of the cloud
sphere, or they are foreground objects.
The HH 120 region (Figure A10) shows that the infrared sources IRS1 and IRS2 in the
IV-N image are more intense than in the Illa-J image indicating a dusty environment in
CG30. The IV-N image of the HH 137/138 region (Figure A 12) shows two reddened
sources located within the dark cloud that the HH objects are associated with. These two
sources indicate that the ISM could be dense (indicating a protostellar environment), or an
extremely dusty environment which could be probed with infrared and millimetre
observations to determine if they are associated with the HH objects, or indeed HH
objects themselves. In any case, the ISM near these objects has some interesting
properties which require further study.
d. Further Applications
The usage of the plates goes further beyond morphological identification. Objective Prism
Spectroscopy, Astrometry and Photometry are supported. These have already been
described elsewhere (Zealey et al. 1994a) and will not be repeated here.
e. Conclusions
We have seen that the ESO/SERC plates provide a wealth of information and a unique
tool for studying outflows and their environments. The use of CCD cameras in locating
new HH objects based on their emission-line spectra (H(x, [S II]), seems a rather
expensive search method when so much detail can be extracted from the ESO/SERC
plates. CCD cameras have the advantage of (a) finding new flows that might not have
been present when the photographic surveys were being conducted and (b) for
conducting proper motion studies of individual HH condensations.
The results provided in this chapter have indicated that HH objects with no identified
driving source could be associated with reddened stars found by comparing the IIIa-F,
Illa-J and IV-N digitised images. The next step is to use infrared and/or millimetre
observations to see if there is any association of these reddened stars with the HH
objects. The identification of new HH objects involves the comparison of the IIIa-F, IllaJ and IV-N images with HH emission being found in the IIIa-F and IHa-J but not the IVN. Although no new HH objects were found in the current search, there are great
expectations for identifying new objects and their energy sources with further searches
towards known areas of star formation, dense clouds and Bok globules.
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5: Energy Sources of Outflows
5.1 Introduction
The majority of HH energy sources still lie within their parent molecular clouds. Studies
of these sources using IRAS indicate that their spectra are characteristic of class I sources
(Lada 1985), which generally have energy distributions that rise steeply longward of 2
Jim. Interpretation suggests the presence of a circumstellar disk and/or infalling envelopes
(Adams et al. 1990 and references therein). The conclusion of these studies indicates that
the energy sources of HH objects represent the youngest stars known to date.
5.2 Low-luminosity YSOs
Early searches for the energy sources of HH objects found that they were almost
exclusively associated with strong emission-line T Tauri stars (Herbig 1974), including
the eruptive variables of the FUor/EXor type7. The first indication that this was not the
case was when Strom et al. (1974a) found an embedded infrared source (HH 100 IRS)
associated with HH 100 and Pravdo et al. (1985) detected a radio continuum source
associated with HH 1/2. Up to this point, all known YSOs associated with HH outflows
were of low-luminosity (Lbol ~ 1-100 Lq ).
5.3 H igh-lum inosity YSOs
Recent surveys have associated HH objects with high-luminosity YSOs (Lbol >10^
Lo), indicating that more massive stars do drive HH objects. Poetzel et al. (1992) looked
at 27 YSOs (such as Herbig Ae/Be stars) with bolometric luminosities in the range Lbol ®
1000-9000 L q . They discovered 8 that were associated with HH outflows. Table 4
displays some of the HH objects and their energy YSOs that they detected, with HH
80/81 added for comparison. The last row of Table 4 from Poetzel et al. (1992), defines
typical values for HH flows from low-luminosity YSOs for comparison.
Table 4. High-luminosity sources associated with HH outflows.
Luminosity (10^ Lo) Distance (kpc)

Source

HH Ob.ject(s)

ZCMa

HH 160

3.5

1.15

V645 Cyg

HH 218

60

3.5

HW 2
IRAS 18162-2048

HH 168

25

0.7

HH 80/81
Low Lq YSOs

16.6

1.7

0.01-0.1

0.16-0.5

7Believed to be T Tauri stars undergoing a phase of eruption.
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5.4 Powering Outflows
Bolometric luminosities of known HH energy sources range from L * 1-10^ L©,
implying that energetic, collimated mass loss is an important stage in the formation and
early evolution of a star. Ray et al. (1990) finds the correlation between the mass loss rate
and bolometric luminosity for HH flows to be:

0. 6 ± 0.1

mhh

Jbol

Levreault (1988) finds a similar correlation observed for molecular (CO) outflows
associated with YSOs. They find the relationship:
0.55 + 0.1
M co

...d O )

'b o l

A similar dependence on Lb0l (apart from a multiplicative constant), strongly supports
the idea that these molecular outflows and HH objects have the same physical origin.
This view is also supported by Lada (1985) who finds that the force and mechanical
power of molecular flows are correlated with Lbol5.5 M olecular Outflows: G eneral P roperties and Problem s
The detection of spatially ordered, highly supersonic mass outflows in molecular clouds
has revealed the existence of a new phenomenon in stellar evolution. Molecular outflows
from YSOs are spatially limited regions of high-velocity molecular gas, detected as broad
line wings in rotational emission-lines of CO, HCN, CS, SiO and HCO+. A striking
property of molecular flows is their frequent bipolar geometry (85 % of all know cases),
with blueshifted and redshifted lobes symmetrically displaced on opposite sides of a
central YSO. Table 5 (Snell 1989) lists some of the general properties of molecular
flows.
Table 5. Typical Molecular Outflow Properties.
M ass:

3 M©

Velocity Extent:

25 km s~l

Size:
Energy:

0.5 pc
10^5 ergs

M omentum:

20 M q km s"l

Force:

10“3 M© km s"l y r'l

Mass loss rate:

5 x 10"6 Mq y r'l
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The reviews of Lada (1985) and Snell (1987) of molecular flows are extensive, but there
are still a number of questions concerning their nature which remain to be answered. For
example:
•
•

What is the evolutionary status of the YSOs responsible for the outflows ?;
What is the frequency of outflow events ?;

•

What is the structure and kinematics of the outflowing molecular gas ?;

•

What impact do outflows have on stellar evolution ?;

•

What is the nature of the stellar wind that drives the molecular flow ?;

Past surveys have attempted to answer some of these questions with varying success.
Lada (1985) gives a detailed list of 68 molecular outflows, with Fukui (1989) indicating a
further 95. These surveys show that approximately 100 are located within 1 kpc of the
sun and almost all are associated with embedded infrared sources.
In order to detect collimated outflows, it is important to realise that the projection of the
flow axis on to the plane of the sky affects the ability to detect the high-velocity gas and
to determine whether the outflow is bipolar (Cabrit, 1989). Most high-velocity gas
regions have highly asymmetrical spatial distributions of high-velocity emission. It is
more than likely that many YSOs without identified bipolar outflows are either observed
at a poor inclination angle with respect to our line of sight, or the jet has been stopped or
retarded by an encounter with the dense molecular material.
Many outflows and jets display some sort of collimating effect, whether the collimation is
small (width of flow < 10°), or large. The question that naturally arises is what is
causing the collimation? The precise nature of the mechanism is the subject of great
debate, but as of yet, a consensus has not been reached. Observational results and
theoretical considerations appear to favour disks and/or toroids, but their characteristics,
even their dimensions, are not established. Three main possibilities exist for the
collimation of stellar outflows:
•

Pruditz (1988) focuses on MHD winds from a circumstellar disk as the collimating

•

mechanism;
Torbett (1986) looks at outflows from the boundary layer between an accretion disk

•

and the surface of a star,
Canto (1980), Konigl (1982) and Raga and Canto (1989) look at an isotropic stellar
wind which is focussed by the interaction with a stratified environment.

The third case has been the direction in which most outflow models have gone in,
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especially in interpreting HH objects. The model of Konigl (1982) looked at the problem
in the adiabatic limit and assumes that for negligible radiative losses, two oppositely
directed de Laval nozzles are formed. Burral and Canto (1981) studied the limit of high
radiative energy losses, where two oppositely directed, elongated cavities are formed.
These cavities are surrounded by a narrow layer of cold gas that flows towards the apex
of the cavities. Raga and Canto (1989) look at the effect of introducing an energy loss
term in the equations of the de Laval nozzle flow and study the regime that is intermediate
between the adiabatic and highly non adiabatic limits. Raga and Canto (1989) show that
flows are narrower and better collimated for outflows with higher radiative energy losses.
Non adiabatic de Laval nozzles show a transition between less collimated "quasi
adiabatic" nozzles and very narrow, highly collimated "collapsed" nozzles. This transition
occurs for wind velocities around 200-400 km s"l. The results of all these models show
that a collimated outflow is produced via the interaction between a stellar wind and
density gradients in the environment.
5.6 A Typical Molecular Flow: L1551
The first source found to drive a bipolar molecular outflow was detected in the dark cloud
L1551 by Snell, Loren and Plambeck (1980; hereafter SLP). Figure 9 shows an [S II]
image identifying the features of L1551 from Gamavich et al. (1992). The L1551 region
is part of the Taurus-Auriga complex, located at a distance of 140 pc.
CO observations taken towards L1551 by SLP displayed high-velocity wings which are
distinctly separated from the ambient molecular emission. Figure 10 shows a graphical
representation of the SLP model which interprets the spatial separation of the redshifted
and blueshifted high-velocity gas being the result of an outflow confined into two
oppositely directed jets originating from an embedded source.
A large number of HH objects have been found in the L1551 region. Radial velocities
and proper motions have been measured for some of these by Strom et al. (1974b) and
Cudworth and Herbig (1979). The proper motion vectors for HH 28 and 29 are directed
away from the source L I551 IRS 5 and lie within the blueshifted lobe of the molecular
flow. Their radial velocities are blueshifted as well. Both the molecular gas and HH
objects are co moving in the same collimated outflow that is originating from L I551 IRS
5, which leads to the assumption that the interaction of winds from young stars with the
ambient molecular material could give rise to outflow phenomena.
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Figure 9.
[S H] image of the L I551 region. The positions of the two infrared sources (1RS 5 and
L I551 NE), HH 28, HH 29, HH 102, as well as other H a objects discovered by
Graham and Heyer (1990) are circled. From Gamavich et al. (1992).
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Figure 10.
Model used by Snell et al. (1980) to describe the L I551 outflow observations. The
accretion disk visibly obscures the star and the CO outflow is driven by a stellar wind.
Also indicated are the CO line profiles which would be expected at different positions
across the source. From SLP.
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A jet was found to emanate from IRS 5 (Mundt and Fried 1983) which is the energy
source for the HH objects HH 28, HH 29 (Cudworth and Herbig 1979), HH 154
(Mundt and Fried 1983; Graham and Heyer 1992) and the HH 102 reflection nebula.
Other HH objects that are being driven by L1551 IRS 5 include HH 256 through to HH
262 as shown in Figure 9 (Graham and Heyer 1990; Gamavich et al. 1992).
5.7 M olecular Outflows and HH objects
In the L1551 outflow region, HH objects occur within the vicinity of the molecular
outflow. Examples of HH objects which are associated with bipolar molecular outflows
are given in Table 6 (Fukui 1989).
Table 6. HH objects associated with bipolar molecular outflows.
HH objects

Energy Source

HH 164

LkHa 198

HH 163

AFGL4029

HH 155
HH 32
HH 39

TTau
AS353A (V1352 Aql)
R Mon

HH 168

HW 2

HH 243

IRAS 05295+1247

HH 281-285

IRAS 05345+3157

5.8 E n erg etics of O utflow s
Although mass loss in pre-main-sequence (PMS) stars has long been established, the
detailed mechanisms that drive the molecular wind are still not understood. One of the
problems is the comparison of mass loss rates derived from molecular outflows with
those derived in other ways. Radio continuum observations of ionised winds imply a
mass loss rate too small (factors of 100) to drive the high-velocity CO lobes (Rodriguez
and Canto 1983). Mass loss rates obtained from infrared hydrogen lines are considerably
lower (factors of 10-100) than those derived from CO. There also exists a discrepancy
between the mass loss rates derived from optical jets and those from the outflows (Mundt
et al. 1987).
SLP indicated that stellar mass loss rates derived from CO [M(CO)] rely on the
assumption that the molecular gas has been swept up by the stellar wind conserving only
the momentum of the wind. Simple models of momentum conserving winds can explain
many observed properties of the CO outflows. Momentum conservation implies that:
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M{ C0) =

M (CO )uCQ
T(CO) t>w

...(1 1 )

where \)co and u w are the velocities of the CO and stellar wind respectively. Dyson
(1984) showed that this method over-estimates mass loss rates by a factor d wA)co if the
whole shock energy is converted to motion of the molecular gas, rather than being
radiated away. M (CO) is uncertain within a factor of 10 due to the uncertainties in
deriving M(CO), t^o and Deo from the observations (ie, the mass, timescale and velocity
of the molecular flow). In addition, t)w is rarely known for deeply embedded objects.
Evans et al. (1987) published a study of the infrared line emission from a group of
relatively low-mass stars with stellar mass loss rates derived from CO outflows. They
found that the infrared line emission was much weaker than that predicted from M (CO)
and models of ionised winds (Simon et al. 1983). This problem was known as the line
deficit problem and a solution was examined by Natta, Giovanardi, Palla and Evans
(1988; hereafter NGPE) and Natta, Giovanardi and Palla (1988; hereafter NGP).
NGPE examined the suggestion that infrared emission-lines from PMS stars of relatively
low-mass originate in primary neutral winds. They predict Bra emission for a range of
mass loss rates. Low B ra emission for a given mass loss rate can be explained if the
winds are cool (T < 7000-8000 K) and primarily neutral. The low temperature allows for
a lower fractional ionisation, resulting in a lower population in the levels which produce
the B ra line.
They conclude that Bra emission is a strong function of wind and stellar temperatures
and so it cannot be used to derive mass loss rates for these cool stars, but when used in
conjunction with other data (such as millimetre wavelength CO lines), it can provide
strong restraints on mechanisms for driving the stellar winds and molecular outflows.
This scenario favours mass loss mechanisms which are able to transfer a high amount of
momentum to the wind, while producing little heating of the gas itself.
NGP studied winds surrounding low-luminosity, cold, PMS stars that display both CO
outflows and hydrogen recombination lines. They find that most of the ionisation is due
to photoionisation from excited levels and that collisional ionisation plays a significant
role for high-mass loss rates and gas temperatures ( M * 10'6 Mo y r 1, Tg > 8000 K).
The degree of ionisation is a strong function of Tg and of the stellar envelope.
Mass loss mechanisms which transfer momentum to the wind with minimal heating are

best explained by cool winds that are primarily neutral. The most favourable mechanism
to provide this is by hydrodynamic waves. Using Alfven waves, NGP were able to
simulate cold and massive winds after running several models similar to Hartmann et al.
(1982). They found that the peak temperature of the stellar wind decreases from 20 000
K in one model with M ~ 3 x 10' 8 M© yr 1 to 8000 K for M « 9 x 10' 7 M0 y r 1. By
comparing these results with calculations of the ionisation and excitation structure in the
stellar winds, they concluded that massive winds, driven by Alfevn waves, would be
neutral.
NGP and NGPE suggest that stellar winds around low-luminosity PMS stars are mostly
neutral and that the low line luminosities from those neutral winds can account for the
observed line deficits and CO mass loss rates. If the winds are primarily neutral, the
stellar wind should carry enough momentum to push the CO flow, as required in the
standard model of molecular flows. If the winds are massive enough, then they should be
able to be detected in the HI 21cm line.
5.9 Neutral Stellar Winds
Neutral matter moving at high-velocity (u > 100 km s“1) has been successfully detected
at 21cm from NGC 2071 (Bally and Stark 1983; hereafter BS83), HH 7-11 (Lizano et al.
1988; hereafter L88), L1551 (Giovanardi et al. 1992; hereafter G92) and DR21 (Russell
et al. 1992; hereafter R92). Tentative detections have been found in T Tauri (Ruiz et al.
1992; hereafter RZ92), AFGL 961, B335, FU Ori, L1448, NGC 2264, R Mon, RNO
43N and RNO 43S (G92 estimate upper limits on the high-velocity HI gas for these
sources).
a. HI and CO masses
Masses of HI and molecular material in outflows need to be compared to see if the HI
wind has enough momentum to drive the associated molecular outflow. Table 7 compares
masses of molecular (Mm) and HI (Mh i ) from both successful and tentative outflows.
Table 7 shows that the mass of the molecular material is greater than that of the HI mass
by a factor of 10-300. The outflow associated with DR 21 contains the highest mass of
HI observed to date. The comparison of momentum (P ) from the HI and molecular
outflows indicates that the only HI winds with enough momentum to drive the molecular
outflow are HH 7-11 (L88), L1551 (G92) and DR 21 (R92). HH 7-11 has P m ~ 0.94
M o km s'* y r'l, P hi ~ 1.0 M q km s 'l yr'l and for L1551, P m ~ 0.18 Mo km s 'l y r
1, P hi ~ 0.4 Mo km s 'l y r'l. R92 finds that the momentum in the molecular outflow (5
x 10~3 < P m < 2 x lO"7 M o km s 'l y r'l) is about the same as the HI jet (6 x 10~3 <
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^HI ^ 7 x 10~2 M q km s"^ yr~l).
Table 7. Molecular and HI masses in outflows.
Outflow

M m (M 0 )

M hi (Mq )

Paper

NGC 2071

20 (CO)

0.1

BS83

HH 7-11

2.0 (CO)

L88

L1551

1.56 (CO; Red)

0.015
6 x 10-3

HH 7-11

> 2.0 (CO; Red)

R90

TTauri

0.02-0.07 (CO; Red)

0.018
8.4 x 10' 4

RZ92

HH 7-11

> 2.0 (CO; Red)

3.3 x lO- 2

G92

L1551

1.56 (CO; Red)

8.5 x lo *3

DR 21

170 (HCO+; Red)

24

R92

b. Modelling the Entrainment
The observations of L88, G92 and R92 indicate that the high-velocity CO outflows of
HH 7-11, L1551 and DR 21 are driven by a fast, neutral stellar wind which conserves
momentum. In the case of L I551, the high-velocity HI gas extends up to the end of the
CO lobe which implies that a substantial amount of momentum and energy of the wind
must be deposited, preferably through a shock, into the ambient cloud.
The 21cm line profiles from L88 (HH 7-11), G92 (HH 7-11, L1551) and R92 (DR 21)
are shown in Figures 11-14 respectively. These profiles do not have a flat-topped shape,
neither a whole rectangle approximation for a spherical constant velocity wind, nor a sum
of rectangles appropriate for a bi-conical constant velocity wind observed nearly pole on.
Instead, the line profiles have continuously declining wings of high-velocity gas,
implying that there is more atomic hydrogen at lower velocities compared to high
velocities than should have been present in constant wind velocity models. The sloping
wings cannot be produced by constant wind velocity models where atomic hydrogen
recombines into molecular hydrogen as the flow proceeds, but can be produced where
there is a mechanical deceleration of the wind as it propagates.
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Figure 11.
HI profile of HH 7-11 displaying extended high-velocity emission indicative of a fast
wind. Taken from L88.
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Figure 12.
(a) CO map from the outflow with positions observed in HI marked, and (b) HI profiles
of HH 7-11. The high-velocity emission is seen at position C and NW1, but is lost in the
noise at position NW2. Taken from G92.
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Figure 13.
(a) CO map from the L1551 outflow, and (b) HI profiles with positions observed in HI
marked. The high-velocity HI gas is present from the location of IRS 5 to the NE2
position, which coincides with the end of the CO flow. The HI gas is not present at
position NE3. Taken from G92.
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Figure 14.
HI profile from the redshifted jet of DR 21. The HI emission is traced out to a velocity of
+100 km s “1. Taken from R92.
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How does the ambient material become entrained by the neutral wind ? L88 model the
entrainment of molecular gas via instabilities. The scenario is pictured in Figure 15. Close
to the source, the HI wind has a high-velocity. At a further distance from the source, the
molecular gas is entrained through instabilities on the interface between the wind flow
and the ambient cloud. This increase in the amount of mass into the flow causes the HI
flow to decrease in velocity and accounts for the non rectangular HI profiles in Figures
11-14.
Going further from the source, the outflow material encounters a shock at the end of its
trajectory and accumulates in a shell of slow moving gas which forms the core of the HI
line profiles. This shell of accumulated stellar wind plus entrained material drives yet
another shock into the ambient cloud, behind which follows the swept-up H2 gas that is
observed as the CO lobes in bipolar flows.
GL95 model a mixing layer for the entrainment of ambient material. In this situation, an
atomic wind is confined within a cone of opening angle a. Outside the cone (0 > a) is
ambient material with a mass density profile pc 00 r'Y, where y is a constant exponent.
Between a and 0ent (inner limit to entrainment) is the mixing layer where cloud
(molecular) material entrained from the wall at 0 = a mixes with atomic wind material
(see Figure 15).
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Figure 15.
Schematic picture depicting how the neutral component of a stellar wind entrains material
for one cone of a bipolar flow. Refer to the text for details. Taken from L88.
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c. Mixing Lavers
The HI profiles towards L1551 indicate that a decelerating layer is present along the walls
of the cone, but an energy of a few L q has to be dissipated if it is to decelerate
noticeably. In the absence of efficient cooling mechanisms this energy could heat the gas
and ionise it easily, but is not supported by observations. Given the observed properties
of the L1551 HI flow, the thermal structure of mixing layers is examined by GL95.
Cooling sources that were examined by GL95 include (a) vibrational/rotational emission
by H2; (b) collisional/dissociation of H2; (c) rotational/vibrational emission by molecules
with dipole moments; (d) atomic line emission and (e) dust continuum emission.
The gas temperature in the mixing layer depends on the fraction of entrainment energy
that goes into heating the gas. GL95 considered an equipartition between thermal and
turbulent energy. Cooling functions as a function of distance from the star indicate that
H2 line emission is the dominant coolant in the mixing layer everywhere except in the
inner (r < 3 x 10" 3 pc) part of the flow where it is exceeded by atomic radiation. This
result follows from the hypothesis of a fully atomic wind; the rapid decay of atomic
radiation is primarily due to the lowering of the electron density with r. In effect, this
model predicts that H2 emission from the mixing layer should be spread over most of the
CO lobes from the outflow.
Chemin et al. (1994) indicate that the turbulent mixing models of L88, G92 and GL95
cannot easily account for HH objects at large distances from the driving star, since they
predict a steady decrease in velocity along the flow. Their studies of hydrodynamical jets
(such as the HH 34 jet) from YSOs looked at the transfer of momentum from the jet to
the ambient medium as a function of jet parameters, specifically the Mach number of a jet.
Typical protostellar jets have 10 < Mjet < 40 and they found that low (< 6) Mach number
jets slow down rapidly as they entrain material along the sides of the jet. Higher Mach
number jets are separated from the ambient material by a low density cocoon of
postshock gas and momentum transfer from the jet to the ambient medium takes place at
the bow shock.
The neutral component of observed HI stellar winds are not as highly collimated as the
HH 34 jet, but have wide opening angles. Although entrainment is possible with lowvelocity flows, the models of L88, G92 and G95 need to be revised if they are to model
how the less collimated HI outflows are able to drive HH objects at large distances from
the energy source.
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6: Searching for HI in Outflows
6.1 Introduction
Although neutral winds from YSOs could be the driving agent of molecular outflows and
HH objects, the number of actual detections in the 21cm line have been few, primarily
due to low sensitivity of instruments and confusion with Galactic HI emission. The
information that has been presented in previous chapters provides us with a universal
model of outflows with the following properties:
•

A YSO undergoing a mass loss of = 10"6 M© yr " 1;

•

A collimating mechanism which provides the bipolar geometry seen in molecular
flows;

•

High-velocity molecular gas with radial velocities = 10 km s' 1, present on a scale of
several arcminutes;

•

HH objects tracing the stellar wind;

•

A molecular cloud, inside of which all of the above occur.

In order to estimate the success of detecting HI emission from an outflow, HI profiles
from detected flows can give an estimate of the intensity of the emission we should
expect.
6.2 HI Profiles
Ignoring the HI profiles from tentative detections, the HI profiles in Figures 11-14
represent flows with enough momentum to drive the associated molecular outflow. These
profiles show that the high-velocity HI emission declines steeply from the HI line core
until it becomes confused with the continuum. The redshifted profile of HH 7-11 (L88;
Figure 11) shows excess antenna temperature (peak at 0.018 K) extending to a wind
velocity of ~ 170 km s"l, whereas the HH 7-11 profile from G92 (Figure 12(b)) shows
excess at a peak of 0.01 K. For the L1551 outflow (G92; Figure 13(b)), a red wing
extends from 40 km s"l to 150 km s"*, with the peak in excess antenna temperature
occurring at 0.05 K. The HI profile from the redshifted jet of DR 21 (Figure 14), shows
excess antenna temperature from the 40 km s~l to 100 km s 'l range, with the peak in
antenna temperature occurring at 30 mJy (= 10.98 K)8.

.

From these profiles, it is clear that the small, high-velocity signal from the neutral
component of the stellar wind will be difficult to isolate from the Galactic HI emission,
especially where the width of the Galactic HI line is large. In order to increase our
80.0071 mJy <=> 2.6 mK.
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chances in detecting HI associated with YSOs, a survey was conducted to find an HI
wind from those YSOs which display the following properties:
•

High Lbol- detection of the stellar wind is easier in case of heavy extinction of the
exciting source which would normally make optical observations difficult;

•

Associated CO outflow: the mass of the HI component of the stellar wind is
linked with the massive, lower velocity molecular outflow observed at velocities ~ 10
km s“l;

•

HH objects: the presence of HH objects indicates a strong interaction between the
ISM and an outflow.

The IRAS sources associated with HH 46/47, HH 80/81 and HH 119 were selected as
they display at least two of the above criteria.
6.3 HH 46/47
a. Location and HH objects
Schwartz (1977b) discovered two HH objects, HH 46/47, associated with the Bok
globule 210 6A (Hartley et al. 1986), which is embedded in the Gum Nebula at a distance
of 450 pc. Bok (1978) indicated that a thin "filament" connected the two HH objects.
Dopita, Schwartz and Evans (1982) first indicated that this was a jet from a YSO and
discovered with Graham and Elias (1983), the bipolar nature of the outflow, with blue
and redshifted shock regions.
The shock-excited emission-line spectra indicate that HH 46/47 are low excitation objects
with a composite of "normal" HH spectrum (ie [S II], [O I] and Ha) and an underlying
stellar spectrum with strong emission of H a (Reipurth and Heathcote 1991).
The HH 46/47 jet and counter jet forms a bipolar flow, driven by the embedded infrared
source HH 46/47 IRS. The ESO/SERC images have been presented in Appendix A
(Figure A4). The outline of the Globule is clearly indicated. A bridge of obscuring
material hides the infrared source, from which the jet streams to the north-east. It then
terminates in the knot HH 47A and located 2.2' (0.29 pc) from HH 46/47 IRS is the bow
shaped knot HH 47D which is located at the blueshifted end of the jet.
On the other side of the dense ridge, a newly discovered faint counter jet emanates
(Reipurth and Heathcote 1991), which is not visible all the way to the energy source, but
extends out to HH 46C, which is located at the end of the redshifted lobe located just
behind the back of the globule, 4.4' from HH 47D. HH 47A has been indicated as the
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working surface of the jet (Meabum and Dyson 1987). HH 46 is the brightest nebulosity
in the globule and has the form of a cometary nebula with the exciting source at the apex.
HH 46/47 is one of the few examples where there are HH objects in both lobes of the
outflow.
b. Energy Source
At near-infrared wavelengths, Graham and Elias (1983) and Cohen et al. (1984) located
the exciting source (HH 46/47 IRS = IRAS 08242-5050) of the HH complex. Its
position is marked on the SERC IV-N band image (Figure A4). Scarrott and WarrenSmith (1988) used optical polarisation studies to locate the illuminator of the optical
nebulosity and found it to be the infrared source as indicated by Cohen et al. (1984) and
Graham and Elias (1983). It is a bright infrared source, with an IRAS luminosity of L =
7 Lq (Reipurth and Heathcote 1991), which gives a bolometric luminosity of L = 12 Lq .
c. The Bipolar Molecular Outflow
Cherin and Masson (1991) detected a molecular outflow centred on HH 46/47 IRS. The
outflow was found to be asymmetric, with the redshifted part of the flow being more
extensive and massive than the blueshifted part. The asymmetry was accounted if the
molecular flow consists of ambient gas that is swept up from a position close to where it
is observed. Since the blueshifted wind breaks out of the globule, there is no molecular
material for it to sweep up. Spectra of the CO(2-l) and CO(3-2) emission centred on HH
46/47 IRS indicated both wings of the outflow with wings extending from -25 km s"1 to
+50 km s '1: the total projected velocity extent of 75 km s' 1 makes this one of the faster
molecular outflows found. Near-infrared H2 images clearly show that the redshifted flow
consists of a highly collimated jet which lies along the axis of an extensive elliptical cavity
(Davis et al. 1994; Zealey et al. 1994b). The mass of the CO flow was found to be 0.3
Mq by Chemin and Masson (1991) and 0.03 M© by Olberg et al. (1992).
6.4 HH 80/81
a. Location
Gylbudaghian et al. (1978) discovered a couple of suspected HH objects in the dark
cloud L291 designated GGD 27 and 28. Detection of a compact radio continuum and
H2 O maser emission by Rodriguez et al. (1980) indicated that this region was an
interesting region of star formation.
b. Energy Source and Bipolar Molecular Outflow
The IRAS survey (1985) revealed a bright infrared object (= IRAS 18162-2048) placed at
a distance of 1.7 kpc and Rodriguez et al. (1980) found a luminous star (L ~ 1.7 x 10^
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Lq ) in association with the compact radio continuum source. A bipolar, highly polarised
infrared nebula surrounding the radio continuum source was detected by Yamashita et al.
(1987) and studied in detail by Aspin et al. (1991). De Vries et al. (1984) found signs of
a mass outflow in CO. A bipolar outflow was detected and mapped by Yamashita et al.
(1989), in which broad 12CO(2-l), 13CO(l-0), CS(2-1) and CS(l-O) profiles indicated
widths of 15 km s“1 centred on the exciting source. The mass of the CO flow is 460 M©
(Yamashita et al. 1989).
The molecular and infrared data are consistent with a bipolar flow that extends a few arc
minutes in the north-south direction, with its axis nearly perpendicular to the line of sight.
McCutcheon et al. (1991) found wide (Ad = 16.8 km s '1) 12CO lines centred on the
ERAS source. CO data and infrared polarimetry indicate that the north lobe is blueshifted
and the south lobe is redshifted and that the bipolar outflow extends ~ 2' from the
continuum source.
c. HH objects
HH 80/81 were first reported by Reipurth and Graham (1988) at 4-5' south of the
continuum source and displayed a high excitation spectrum implying that they are strong
bow shocks.
Rodriguez and Reipurth (1989) detected HH 80/81 in the radio continuum. The central
radio continuum source associated with IRAS 18162-2048 (GGD 27 IRS) is elongated,
with its major axis pointing towards HH 80/81 and Marti et al. (1993) discovered a well
collimated bipolar jet emanating from the elongated central radio source. The southern jet
points towards the redshifted HH 80/81 and the northern jet ends in what is likely to be
the northern, blueshifted counterpart to HH 80/81 (HH 80 North). The molecular
outflow does not extend to the location of the HH objects, which lie 4-5' away from the
energy source. The location of the IRAS source and HH objects are shown in the
ESO/SERC images presented in Appendix A (Figure A6).
6.5B 335 (HH 119)
a. Location
Barnard 335 (hereafter B335), is a Bok globule that consists of an opaque core
approximately 2' x 3' along the E-W and N-S directions respectively. The DSS image of
the region is shown in Figure 16. The mass of the core is ~ 3 Mq (Myers and Benson
1983), with the total mass of the cloud « 25 Mo (Martin and Barrett 1978). Frerking and
Langer (1982) discovered variations in the 12CO line wings toward the core region
indicative of an embedded source driving a bipolar outflow.
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Figure 16.
Digital Sky Survey image of the B335 region. The triangle A1 indicates the position of
the embedded infrared source IRAS 19345+0727, which drives the molecular outflow
and HH objects. An unrelated IRAS source (À2 = IRAS 19347+0729) is seen to the
north east. The image is 0.T x O.T. North is up and East is to the left.
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Figure 17.
Montage of CCD images of the B335 molecular cloud. Upper left hand panel: Contour
map of the CO data of Goldsmith et al. (1984). In each image, the triangle denotes the
location of the cold far-infrared source detected by Keene et al. (1983) and which appears
to be the young stellar object responsible for driving the molecular outflow. The feature
marked "80" in the H a image is the emission-line object discussed by Vrba et al. (1986);
the HH object located in the red wing of the molecular outflow. Taken from Vrba et al.
(1986).
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Their map of the region revealed a more diffuse envelope approximately 34' x 20' in
angular extent centred on the cloud core. Frerking et al. (1987) finds the distance * 250
pc and the mass of the globule to be ~ 11-14 Mq . Figure 17 shows a montage of optical
images from Vrba et al. (1986; hereafter V86) in broad-band R, I and narrow-band Ha.
b. Energy Source
A cold, far-infrared source, B335 IRS (= IRAS 19345+0727) was located near the centre
of the cloud by Keene et al. (1983). This source has a low-luminosity L = 3 Lo
(Reipurth et al. 1993) and was found to drive the molecular outflow found by Frerking
and Langer (1982) and Goldsmith et al. (1984). The location of the source is shown in
the DSS image.
c. The Bipolar Molecular Outflow
Goldsmith et al. (1984) obtained 12CO maps of B335 (CO map in Figure 17) and
reported evidence for a well collimated bipolar outflow apparently driven by the farinfrared source detected by Keene et al. (1983). They resolved the high-velocity emission
into a blueshifted and a redshifted lobe, respectively east and west of the central farinfrared source. Observations of Langer, Frerking and Wilson (1986) detected a separate
component of blueshifted emission east of the core outflow and confirmed the presence
of redshifted emission in the blue lobe of the main flow. The mass of the CO flow has
been found to be 0.06-0.24 Mq (Cabrit et al. 1988), 0.13 Mo (Moriarty et al. 1989) and
1.14 x 10'2 Mq (Hirano et al. 1992).
Cabrit et al. (1988) studied the orientation of the bipolar outflow and found that B335 is a
single bipolar outflow orientated almost perpendicular to the line of sight. For a flow
orientated nearly perpendicular to the line of sight, both high-velocity lobes show
superposed blueshifted and redshifted emission. Cabrit et al. (1988) come to the
conclusion that the high-velocity components in B335 are all part of the one bipolar
outflow viewed nearly perpendicular to its axis (we observe it at an angle of 80° ± 5° to
the axis of the flow. The eastern lobe is 12' (0.9 pc) long and is tilted toward us, while
the western lobe is only 6' (0.4 pc) in extent, it is tilted away from us and apparently
breaking out of the cloud.
d. HH objects
V86 discovered a faint, semistellar knot in H a (object marked "80” in H a image in
Figure 17) located 37" northwest of the far-infrared source. Its appearance in the H a and
absence in the R and I images, indicated that the feature might be a HH object dominated
by H a emission. The coincidence in position angle (280°) defined by the line joining the
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far-infrared source and the possible HH object and that of the molecular outflow (90°280°) provides indication that the nature of the feature may well be a HH object.
It was noted that the knot was located in the redshifted lobe of the molecular outflow.
This was noted as being odd as most HH objects studied up to that time were
characterised by velocities of approach (Strom, Grasdalen and Strom 1974). However,
as noted before, the collimated bipolar flow is orientated nearly in the plane of the sky
and the column density of intervening dust and gas is likely to be similar for both the blue
and red lobes.
The H a emission knot discovered by V86 was studied and confirmed as a real HH object
by Reipurth et al. (1992) and labelled it HH 119B; they also discovered two more HH
objects HH 119A and HH 119C, all of which form a highly collimated HH complex
emanating from the embedded far-infrared source. The discovery that the molecular flow
in B335 coincides with the axis of the HH flow was also found. HH 119A and HH 119B
lie in the redshifted lobe of the molecular outflow and HH 119C lies in the blueshifted
lobe.
HH 119A was found to have three condensations A l, A2 and A3. HH 119A and HH
119B show distinct bow shock morphologies, facing away from the energy source,
although HH 119A is a high excitation object, HH 119B displays typical [S II] emission
characteristic of a low excitation object. Both of these objects belong to the small class of
HH objects with weak or non-existent [O II] (Xk 6300/6363) lines (eg Reipurth 1989).
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7: Results, Interpretation and Discussion
7.1 Introduction: The 21cm Hyperfine Transition of HI
2 1cm emission of atomic hydrogen is produced by radiative transitions between the two
hyperfine levels of the ground (n = 1) electronic level. The magnetic moment of the
proton interacts with the combined magnetic field generated by the orbiting electron and
the magnetic moment of the electron. This interaction results in the hyperfine splitting of
the ground state (l^ S i/2). In the upper level, the electron and proton spins are parallel
and in the lower level, they are anti-parallel. The energy difference Ei-E0 between the
energy levels corresponds to a frequency v0 = (Ei-E0)/h and a wavelength XG = c/v0.
Observations give v0 = 1420.406 MHz, or Xq = 21.11 cm.
Hyperfine lines are magnetic dipole transitions; this along with the low frequency of the
21cm line makes the Einstein A coefficient for the 21cm line extremely small (2.85 X 10"
15 S"l). An HI atom, after being excited, waits about 12 million years before
spontaneously decaying. However, due to the abundance of this element in the universe,
it is observable in all areas of the Galaxy.
7.2 Limitations to Sensitivity
a. Introduction
The detection of weak, high-velocity HI emission from flows is very difficult in view that
we have to contend with the much stronger signal from the background galactic HI
emission. Other factors which limit sensitivity include the Beam size and outflow
orientation.
b. Beam Size
Observing HI features a few arcminutes in scale with large beams in the direction of the
intense galactic background is difficult. Atomic flows have been detected in association
with molecular outflows with the VLA and Arecibo at the highest available spatial
resolution. The Parkes beam (14.48'), is too large to fully resolve most flows. The
rationale behind the usage of the Parkes telescope is simply a "detection" experiment
since a large beamwidth allows the detection of weak, extended emission-line sources9.
In the case where a promising result is found, follow-up observations using the ATNF
Compact Array can be carried out with its smaller beam.

9Sensitivity is directly related to the area of the beam. The larger the beam, the more sensitive the
telescope.
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c. Outflow Orientation
The orientation of the flow could also hinder the detection of the HI flow as was
discussed in section 5.5. As discussed by Cabrit et al. (1988), the orientation of the B335
outflow is almost perpendicular to the plane of sight and each component of superposed
blueshifted and redshifted emission is the projection of the front and back sides of the
same high-velocity lobe. The detection of neutral HI from the B335 outflow will be
difficult since the flow is almost in the plane of the sky. The outflows associated with
HH 46/47 (inclination ~ 45°) and HH 80/81 (inclination ~ 14°) are not as affected by
orientation effects as the B335 flow.
d. Galactic Emission near Survey objects
Figure 18 shows a face on view of the spiral arm ridge lines indicating our location in the
Orion arm of the Galaxy, located about 10.4 kpc from the galactic centre, between the
Sagittarius10 arm and the Perseus11 arm. Each spiral arm in our Galaxy has its own
velocity. As galactic longitude tends towards 180° and 360°, the radial velocities of
material in distant arms get close to the radial velocity of the local cloud. At these
longitudes, a large 14.48' beam is not able to separate local variations in velocities in an
outflow from emission from distant foreground and background clouds. It therefore
becomes very difficult to separate galactic HI from high-velocity HI emission associated
with an outflow.

10This arm includes the Scutum arm, the 3-kpc arm (non circular gas motions), and the Norma arm. It is
1.5 kpc from the Sun, and about 8.7 kpc from the galactic centre.
n This arm is located about 12.3 kpc from the galactic centre.
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Figure 18.
A face on view of the spiral arm structure assuming that the outer galaxy has 4-fold
symmetry. The Cygnus arm is ~ 15 to 20 kpc distant in the direction 10° < b < 180°; the
Perseus arm is approximately 13 kpc the same distance in the direction 180° < b < 250°
and the Orion arm is 11 kpc 180° < b < 250°. Taken from Blitz (1983).
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In order to gauge what is emission from the Galaxy and what is emission from the HI
outflow, we can utilise published surveys on the HI distribution in the areas of HH 46/47
(/ ii = 267.365’; d = 450 pc), HH 80/81 (/ n = 10.841'; d = 1.7 kpc) and HH 119 (/ n =
44.931’; d = 250 pc). This will enable us to separate emission features from the Galaxy
(whether they are foreground or background features).
7.3 Observations and Data Reduction
Observations of HH 46/47, HH 80/81 and B335 (HH 119) were made using the Parkes
64 metre Radio Telescope between the 12th and 13th of July 1994. The beam size was
14.46’ at FWHM. The Parkes 1024 channel autocorrelator was configured with all 1024
channels centred on the HI (v = 1.4204 GHz) transition. A total bandwidth of 16 MHz
was used, giving a velocity resolution of 3.3 km s“l per channel. An integration time of
10 minutes gave an rms error of 20 mJy.
The method of position switching between on-source and reference positions was
undertaken. The driving source of the outflow was followed by the REF position and
then the HH location itself was observed. The REF positions serve to demonstrate that
any high-velocity emission detected is indigenous to the outflow and not due to HI
emission along the line of sight. Table 8 lists the observed positions (Figures in brackets
indicate the number of observations done for that position).
Table 8. Position-Switching Observations
Position

R.A. (1950)
h m s

Dec (1950)
O ' "

Offset

B335 IRAS(5)

19 34 35

07 27 24

HH 119A(5)

19 34 26

07 27 24

O'
2.25’

HH 119C(5)

19 34 39
19 36 35

07 27 20
07 27 24

1'
30’

HH 80 NNE(6)

18 16 13
18 16 21

HH 80 SSW(6)
HH 80 REF(6)

18 16 05
18 18 13

-20 48 49
-20 42 35
-20 55 01

HH 46 IRAS (3)
HH 46 NE(2)

08 24 16

-20 48 48.9
-50 50 43

08 24 52

-50 47 28

O'
6.5 ’
6.5’
30’
O'
6.5'

HH 46 SW(3)

08 23 41

HH 46 REF(l)

08 24 52

-50 53 58
-50 46 45

6.5
10.5'

B335 REF(5)
HH 80 IRAS (6)
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Data was reduced using the SLAP spectral line package12. The amplitude calibrator was
Hydra A (PKS 0915-118), which has a flux of 46 Jy at 1400 MHz. Units of the
calibrated spectra are in Jy.
Spectra from each position were averaged and then divided by the appropriate reference
spectrum (the quotient13) to account for the filter response, which causes a roll-off at the
edges of the band. To obtain the zero level intensity for each profile, the baseline
curvature was approximated by fitting a tenth order polynomial to regions thought to be
devoid of HI emission and then subtracted from the profile. The sufficient velocity
coverage allowed this procedure for all profiles. The tenth order polynomial provided the
lowest root mean square residual noise.
In order to detect wide, high-velocity emission characteristic of an HI outflow, spectra
from the redshifted side of the outflow was subtracted from the blueshifted lobe. The
reasoning behind this procedure is as follows: Figure 19(a) demonstrates what we would
expect to see in the line profiles (in absence of background emission) from the centre,
blueshifted and redshifted lobes of a bipolar flow. Figure 19(b) shows a plot of the
sinusoidal profile obtained by subtracting the SW lobe (redshifted) from the NE lobe
(blueshifted). This subtraction clearly isolates the presence of blueshifted and redshifted
wings characteristic of high-velocity HI emission from the central source.

12AvaUable via anonymous ftp at ftp.atnf.csiro.au in directory/pub/software/
13The Quotient is the total-power signal spectrum of a source divided by an off-source (or off frequency)
reference spectrum.
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Figure 19(a).
A schematic of the profiles that would be expected in an outflow. The NE profile displays
the blueshifted emission with the SW position displaying redshifted emission. The central
position labelled C is the average of the NE and SW positions.
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Figure 19(b).
The sinusoidal profile we would expect from subtracting the NE lobe from the SW lobe.
In the absence of background emission, this profile would be centred on the cloud Vlsr .
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7.4 Results and Interpretation: HH 46/47
a. Galactic HI emission and Profiles
HI in the Gum Nebula region has been mapped by Dubner et al. (1992) for the velocity
interval (-30, +144). The area covered in this survey was 25° by 15° centred on / =
262°, b = -2.5°. The distribution of HI found by velocity range is summarised as
follows:
(-29, -9): HI emission is very weak, as expected for gas at negative velocities in the
third galactic quadrant. The neutral gas emission spreads over a very large angular area
and the gradient appears nearly perpendicular to the galactic plane, characteristics
suggestive of this being local neutral gas;
(-5, +11): A bright and broad ring shaped structure exists, approximately centred at /«
266°, b ~ -2.5°. Dubner et al. (1992) refer to this structure as the "thick HI shell", which
is hypothesised as being a remnant of a 2.6 million year old supernova probably related
to the event that originally created the Gum nebula. This structure is now being
maintained by the hot central stars £ Pup and y2 Vel;
(+15, +19): Another shell structure (hereafter Shell 2) about 6° in diameter is seen
centred at / = 260°, b ~ -2°. Dubner and Amal (1988) found that the SNR Puppis A is
evolving in the periphery of this feature. Radio, optical and X-ray data strongly suggest
that the shock front associated with Puppis A is interacting with parts of this complex;
(+20, +60): HI emission appears fragmented and with several voids. From x>* +43 km
s' 1 onwards, the bulk of the atomic gas emission shifts towards negative latitudes,
following the general warp of the galactic plane. A study of the spiral structure in the Vela
region through the distribution of Be stars by Vega et al. (1986) came to the conclusion
that the HI emission in this velocity range belongs to a branch in the local Orion arm
which is located 5 or 6 kpc from the Sun;
(+60, +80): The neutral gas emission looks smooth in appearance and is distributed in a
thin layer nearly parallel to the galactic plane;
(+80, +120): A broadening in the HI emission is seen in this range shifting from /«
250° to / « 272° as the Vlsr velocity increases and corresponds to a section of the
Perseus arm, 7 to 8 kpc distant.
Figure 20 (a) to (c) shows the averages of the quotient line spectra centred on the NE,
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HH 46/47 IRS (hereafter 46C) and SW positions respectively. Background and/or
foreground emission is present, as can be seen by the features located at x>= +45, +50,
+55, +90, +100 and +110 km s‘ l. The spectra centred on 46C does not show any
indication of high-velocity wings as seen in the HI profiles in Figures 12-14.
b. Subtraction Profile
Figure 21 shows the resultant spectra of the NE-SW subtraction. No sinusoidal profile
symmetric about the cloud Vlsr (=5.3 km s"l) is present. The dip in the velocity range
(+40, +60) is due to poor subtraction of the Orion Arm emission (5-6 kpc). The features
located v > 70 km s~l are from the Perseus Arm (7-8 kpc). The positive features in the
velocity range (-15, +30) display an excess in both blue and redshifted emission from the
NE lobe of the outflow. There is no clear evidence in this profile of a neutral outflow. If a
neutral wind was detected, we would have expected to see a profile symmetrical about the
cloud velocity (+5.3 km s'l). The average brightness temperature of a line source is
given by (Rodriguez et al. 1990);
\2
ec v V aw ^
(L i) = 870 s„ Y x
mJy yl^21 cm vare secy \ AvU
I k J

( 12 )

where Sv is the flux density of the line, X the observing frequency, 6S is the angular
diameter of the source, Avi is the telescope resolution in velocity (channel width) and Avi
is the line width. Under the assumption of optically thin HI emission, the mass contained
in the profile is calculated as follows (Rodriguez et al. 1990);

Mi

= 2.3x10

J S Y Ad - Y D Ì
^mJyJYkms '^ k p c ,

...(13)

where D is the distance of the source. If we assume that the positive features in the (-15,
30) velocity range are associated with HI from the NE (blue) lobe, we can determine the
mass of HI for the HH 46/47 flow. A gaussian fit to the profile in this range gives an
upper limit of 233.225 Jy km s" ^ under the HI profile. For D = 450 pc, we obtain an HI
mass of 36 M© in the NE (blue) position of the flow.
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Figure 20.
Quotient averages of line spectra from HH 46/47 (a) NE, (b) 46C and (c) S W
positions.
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HH46NE—HH46SW
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Channel

Figure 21.
Subtraction spectra of HH 46/47 NE-SW. No sinusoidal function symmetric about the
cloud Vlsr (= 5.3 km s-*) is seen.
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7.5 Results and Interpretation: HH 80/81
a. Galactic HI emission and Profiles
HI emission profiles and contour maps from the HH 80/81 region have been mapped by
Weaver and Williams (1973; 1974) and Burton (1985). At / = 11.0°, b = -2.5, the HI
profile shows a double peaked structure which is symmetric at v ~ 10 km s 'l. A smaller
peak is seen in the velocity range (+40, +60). An even fainter blueshifted peak is seen
from (-20, -10).
Averages of the quotient spectra taken from the NNE, IRAS source (hereafter 80C) and
SSW positions are shown in Figure 22 (a) to (c) respectively. Features can be seen
around 45 and 90 km s' 1, which are probably HI clouds in our line of sight. As in the
46C spectra, there are no high-velocity wings seen in the 80C position.
b. Subtraction Profile
The NNE-SSW subtraction spectrum is shown in Figure 23. There is no indication of a
sinusoidal shaped profile symmetric about the cloud V l sr (= 11.0 km s 'l) . Features for
x>> 10 km s 'l are excess galactic HI clouds in our line of sight. The negative feature in
the range (-5, -20) is due to poor subtraction with the reference spectra. The distance of
these features is not known. Emission in the range (-5, 5) represents excess HI emission
from the NNE (blue) lobe. Assuming a distance of 1.7 kpc to HH 80/81, fitting a
gaussian to this emission gives an area of 4.273 Jy km s"l implying a mass of 9.37 Mq
in the NNE (blue) lobe.

HH80NNE

HH80IRS

HH8CS5W

»**

Chanr

Figure 22.
Averages of quotient line spectra taken from HH 80/81 (a): NNE, (b): 80C and (c):
SSW positions.
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Figure 23.
Subtraction spectra of HH 80/81 NNE-SSW. No sinusoidal function symmetric about
the cloud Vlsr (= 11.0 km s“*) is seen.
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7.6 Results and Interpretation: B335
a. Galactic HI Emission and Profiles
Contour maps and emission profiles for the B335 region have been mapped by Weaver
and Williams (1973; 1974) and Burton (1985). At / = 45.0°, b = -6.5, the profiles show
a peaked structure in the range (-10, -20) and a double peak structure in the velocity range
(0, +20). A lower intensity emission feature located at +30 km s‘ I. No emission is
detected beyond v = ±90 km s" 1.
Averages of the quotient profiles taken from HH 119C, the driving source (hereafter
B335C) and HH 119A positions are displayed in Figure 24 (a) to (c) respectively. In all
spectra, the features in the velocity range (+50, +120) maybe intervening high-velocity
clouds in our line of sight. For velocities u > +40 km s" 1, the negative features arise
from poor distant arm subtraction with the reference spectra. The spectra all show the
presence of a blueshifted wing profile in the range (-20, + 10), with a velocity extent out
to 100 km s~l.
b. Subtraction Profile
The 119C-119A subtraction spectra is shown in Figure 25. The large negative features in
the range (+8, +15) and (+35, +75) represent poor division with the reference spectrum.
There is no distinguishable sinusoidal profile centred at the cloud V l s r (= 8.30 km s_1).
The positive features indicate that there is an excess of both blue and redshifted HI
emission in the eastern lobe of the B335 outflow. Fitting a gaussian to each of these
positive features gives an upper estimate of 20.3 Jy km s'^ and assuming a distance of
250 pc to B335 implies an HI mass of 0.96 M©.
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Raw quotient line profiles from B335 (a): HH 119C, (b): B335S and (c): HH 119A
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Figure 25.
Subtraction spectra of HH119C-HH119A. No sinusoidal function symmetric about the
cloud Vlsr (= 8.3 km s"1) is seen.
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7.7 D iscussion
From the three surveyed areas, there is no clear indication that we are detecting high
velocity HI. The profiles centred on the outflow sources do not indicate the presence of
high-velocity wings as seen in the sources associated with HH 7-11, L I551, NGC 2071
and DR21. The subtraction profiles in all three cases simply show an excess of both
blueshifted and redshifted emission in the blueshifted lobe of each outflow.
The considerable width of the Galactic line prevents a thorough cancellation for Vlsr
between (0, +120) for HH 46/47 and (-50, +150) for B335. The HH 80/81 region is
narrower, but cancellation is still a problem between (-30, +100). If a sinusoidal profile
centred on the cloud Vlsr was found in each region, the redshifted lobes would be
drowned out by the large width of the Galactic HI line. This is the reason why we see
excess emission in the subtraction profiles: the blueshifted lobes of each outflow are not
as affected by the Galactic line core. G92 indicates that detecting high-velocity HI from
flows with low inclinations (such as B335 with i ~ 10°) will be limited to lol < 50 km s' 1
and therefore buried in the Galactic HI line core.
The excess emission seen in the subtraction profiles is undoubtedly contaminated by
galactic HI. The validity of the upper limits of HI masses as being representative of
outflowing material is highly suspect, especially since the HI masses calculated for HH
46/47 and B335 easily account for the molecular mass in the outflows as shown in Table
9. It should be noted that these molecular masses are within the cloud rather than from the
outflow, whereas the HI masses are derived from the excess blueshifted emission located
away from the cloud. The amount of CO in the HH 80/81 outflow (460 M q ) should be
accompanied by a much larger HI mass than what is detected. Even with Galactic
contamination, the HI mass is lower than anticipated.
Table 9. Comparison of determined HI masses with CO masses from the literature.
Outflow
HH 46/47
HH 80/81
B335

Mco (Mg )

Mh i (Mo )

0.03-0.3
460
0.06-0.24

36
9.37
0.96

The HI we observed with Parkes is a combination of the ever present Galactic HI and
perhaps HI from the stellar wind. The only way to distinguish one from the other is by
their velocities. Galactic HI emission can be distinguished from emission characteristic of
an HI outflow by the broadened profiles extending out to velocities ~ 100 km s '1. The
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best (published) case for an HI outflow to date is from the low-luminosity YSO L I551
IRS 5. The angular extent (~ 0.5°) of this bipolar and highly collimated outflow,
combined with its orientation of the flow axis to the line of sight (~ 90°) suggests that
these features enhance our detection rate. Further searches for high-velocity HI in
outflows with these properties and advances in receiver technology will determine our
success in this rapidly growing area of star formation.
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8: Conclusions and Further Directions
8.1 Photographic Plate Studies
This thesis has shown the effectiveness of video digitising in analysing and searching
ESO/SERC southern sky surveys for emission-line sources associated with HH objects.
HH 34 IRS, V346 Nor (HH 57), IRAS 05339-0646 (HH 147) and V883 Ori (HH 183)
are such examples. Other energy sources (of HH objects) with optical counterparts that
were not studied here include HH 30 IRS (HH 30), AS353A (HH 32), R Mon (HH 39),
Th 28 (HH 228) and Z CMa (HH 160).
The evolutionary status of optically visible HH energy sources range from T Tauri stars
(HH 30, HH 32, HH 147, HH 228), FUOri (HH 57, HH 160) and Herbig Ae/Be stars
(HH 35, HH 183). These sources are more evolved (Class II and III14) than class I
objects which are unlikely to have optical counterparts as they are still surrounded by
their parent molecular clouds and/or protostellar core material.
Class I objects can be observed indirectly via the reflection nebulosity associated with
them as seen in the IV-N band images. All surveyed HH objects except HH 94/95, HH
38/43, HH 135/136 and HH 137/138 are associated with prominent reflection nebula
illuminated from the (presumed) energy source. Although the IV-N band image of the
HH 100 region was not available, HH 100 IRS is also associated with a prominent
reflection nebula. The association of reflection nebula with HH objects strongly indicates
the presence of an embedded YSO which could be the energy source. Methods such as
optical and infrared polarisation studies of the reflection nebula could pinpoint the energy
sources of HH objects.
The proposed H a emission-line survey of the Southern Sky to be earned out by the
UKST will provide deep, high resolution images of galactic plane sources. The detection
of filamentary sources associated with supernova remnants, wind shells and star
formation regions will be difficult near strong reflection or emission nebulosity. The use
of low cost digital imaging systems will enable detection of such features almost in real
time. As part of the proposal to fund the H a Survey filter, we have included funding to
provide a 12 bit digitising system at the UKST. The improved image resolution and
sensitivity of the Kodak TechPan emulsion coupled with this system will allow the
discovery and cataloguing of new emission-line sources in the galactic plane.

14Class II objects have an energy distribution broader than a blackbody but which is flat or decreasing
Class li Objects nave an cue
distributions which can be modelled as a blackbody, and
longward of 2 jam. Class III sources have energy
show little or no excess near-infrared emission
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New HH objects are being discovered and published in the literature at a rapid rate. By
using the ESO/SERC plates, it is possible to identify possible HH objects via the
morphology we would expect of a system in which a stellar wind interacts with the
surrounding medium. Characteristic features would be bow shock shaped material. No
new HH objects were discovered during the current imaging process, although a more
detailed search is currently being undertaken. Usage of the optical plates for the search
for HH objects is limited where they become obscured by surrounding material such as
dust. The only way to locate the HH objects in this case is to employ unsharp masking
techniques or initiate H a and/or [S II] surveys to detect characteristic emission of HH
objects in and around these areas.
8.2 N eutral Flows
No high-velocity HI flows were found in our survey. Although the HI and CO masses
contained in the HH 46/47 and B335 outflows are comparable, they do not have
significant weight when one considers the amount of Galactic contamination that has not
been removed. Considering the mass of CO (460 Mq ) in the HH 80/81 outflow, we
would expect a large mass of HI to be present in order to match the CO mass.
It is clearly difficult to use large beam observations to detect HI flows. The poor degree
of cancellation leaves interpretation open to discussion. The excess emission seen in all
subtraction spectra does not necessarily mean that it is HI from the YSO, but it could also
be excess molecular cloud or Galactic HI emission present near the blueshifted lobe that
has carried over from the subtraction.
To make better use of the Parkes telescope, the integration time of each position could be
lengthened. In this survey, an integration time of only 10 minutes was allowed, when
realistically, observations with on-source integration times up to 300 minutes (as has
been done at the VLA and Arecibo) are needed to improve the signal to noise ratio.
Detecting HI from YSOs where the Galactic line core is as narrow as possible could
increase our chances of seeing the high-velocity wings.
While the Parkes telescope provides the sensitivity needed to detect weak atomic HI line
emission ~ 10^ times weaker than the intense Galactic background, it lacks the resolution
required to subtract background Galactic emission. Using telescopes such as Arecibo
(which has ~ 6 times the collecting area of the VLA) allows for high sensitivity
observations to detect the weak, high-velocity HI. On the other hand, the VLA allows for
better angular resolution (~ 4 times the angular resolution of Arecibo) to determine the
morphology of the HI gas: for example, does the HI gas occur spatially with the CO
outflow ? Achieving sensitivity and angular resolution is available to us locally, but in
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two stages. The Parkes telescope provides the sensitivity and if a possible HI wing is
detected, we can utilise the higher angular resolution of the Compact Array to map the
outflow.
A program of line mapping has been initiated using the ATNF Compact Array. Sources
are to be selected on the basis of morphology observed in molecular hydrogen indicative
of entrainment as has been done in this survey: some HI is expected to be entrained along
the outflow as well. One other method of detecting HI in an outflow is to point the
telescope at the reflection nebula associated with the embedded YSO. As was seen in the
digital images presented in Chapter 4, reflection nebulosity is associated with the driving
sources of outflows. Therefore, with the resolution of the Compact Array, we can point
the telescope at reflection nebula and integrate over long periods to get a high signal to
noise ratio and find high-velocity material associated with the reflection nebula.
Mapping outflows at millimetre and submillimetre wavelengths enables us to probe dark
clouds. Observations of ^ C O (115 GHz), ^C O (110 GHz) and CS (86 GHz) emission
can be utilised to study the internal dynamics of these clouds and trace molecular
emission to the driving source of the outflow. A program is underway to map southern
outflows with the 22 metre Mopra antenna.
With the application of optical, radio, infrared and millimetre observations, we can expect
to be able to determine whether or not YSOs are characterised by the presence of a fast,
neutral stellar wind and refine current models of star formation.
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Appendix A: Digitised Images from the ESO/SERC
Southern Sky Survey Plates
Digitised images of the HH object regions discussed in Chapter 4 are shown in Figures
A1 through to A12 respectively. These images are taken from the ESO IIIa-F and SERC
IIIa-J/IV-N southern sky survey plates. These images are to be used for comparison with
[S II], H a and H2 images from the literature to assess the feasibility to locate the energy
sources and new HH objects. A “+” or
symbol indicates the location of the non
optical driving source of an HH object. Reddened stars in the vicinity of HH objects
which could be their energy sources are located at the apex of the “A” symbols. North is
up and East is left in all images, with scales indicated.

Figure Al: HH 1/2 Region

Figure A2: HH 34

Figure A3: HH 38/43/183

Figure A4: HH 46/47

Figure A5: HH 56/57
104/

Figure A6: H H 80/81

Figure A7: HH 90/91

Figure A8: HH 94/95
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Figure A9: HH 100 Region
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Figure AIO: HH 120
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Figure AU: HH 135/136
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Figure A12: HH 137/138
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